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Preface 

The second workshop on phase separation with ordering was held at the seminar 
room of Booster, National Laboratory for High Energy Physics, KEK, Tsukuba, in 
March 16 - 17, 1992. The purpose was to understand comprehensively the cooperation 
of two phenomena, ordering and clustering, which seem to conflict each other in the 
condensed matter. In practice, however, attention was concentrated in the topics 
on phase separation of ordered phase in alloys. 31 participants including guests of 
Prof. Laughlin, Carnegie Mellon University, and Prof. Kawasaki, Kyushu University 
attended this meeting. In the first day, the structure and its dynamical change has been 
discussed mainly in the experimental viewpoint, and in the second day, the theories 
have been developed and the results of simulation were reported. 

Six papers in the first day were related to the phase separation in Al-Li alloy, 
where we are interesting in how structure changes, just after the alloy is quenched in 
the unstable region from the disordered state at high temperatures. Prof. Laughlin 
overviewed timely about the problems on ordering and clustering in the FCC/L1 2 two 
phase system. Two independent experiments by means of TEM and AP-FIM brought 
alternative conclusions; one paper claimed that they observed the congruent ordering, 
and another insisted that the metastable phase with L l 2 structure appeared just after 
quenching. Howerver, both results seem to be still not conclusive. Furthermore, it is 
necessary to add more informations to reach the nature. The ordered region is com
posed from a number of small segments with in-phase. So it is important to clarify 
the correlation to the neighbouring out-of-phase regions. Even for the concentrated 
alloy like Al-12.5at%Li, it is crucial information whether one can observe the 8' phase 
in the quenched sample. The following paper threw a light for this controversial is
sue. The simultaneous time-resolved observations of small-angle scattring intensity 
and the diffraction intensity of 100 ordered lattice. During quenching and continuous 
annealing, the diffraction intensity of the ordered lattice increased and then followed 
by the small angle scattering intensity. This suggests that the ordering occurs prior 
to clustering. Another paper of small angle scattering measurements reported that 
the spinodal decomposition takes place at low temperature. Two dimensional neutron 
scattering measurements were suggested to be an important tool for investigating the 
phase separation with ordering. For the Fe-Si alloy with nonstoichiometric composi
tion, one paper reported about the motion of antiphase domain boundary formed in 
the oredered phase. The foramtion of ordered phase in Fe based ternary alloy systems 
was discussed based on the thermodynamic viewpoint. 

Path Probability Method of statistical mechanics was applied to study disorder -
Ll 0 transition. The clear distinction between the nucleation-growth ordering and the 
spinodal ordering was made clear, depending on the condition. The phase separation 
process was recognized to be a typical example of ordering dynamics in many-body sys
tem. The time-dependent correlation function for ordering parameter was developed for 
examining the average behaviour of the ordering process. An universal theory, treating 
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three stages of gowth, intermediate and coarsening through the phase separation, was 
proposed. It was shown that the two crossovers are caused in the time exponents by 
the long-range interactions, leading to the three characteristic stages. The new types of 
dynamical scalings were suggested to hold at each stage. The pattern formation at the 
later stage of phase separation was successfully explained by taking into account about 
the elastic strain effect. The lattice animal method is useful to give a semi-analytic de
scription of microstructural development in the first stage of ordering. The method was 
extended to fee structures with both first and second neighbours. By this extension, 
the growth behaviour of 6' phase in Al-Li alloy was discussed. The structure factor 
during phase separation of 5' phase was simulated by the dynamical Ising model for 
fee lattice and the result was compared with the experiments. By applying dynamical 
scaling assumptions to the Ostwald ripening in the open systems, it was reported that 
the scaled size distribution function of droplets becomes wider than the one obtained 
for a closed system, when the total volume of droplets in an open system decreases 
through the diffusion of the solute. 

The organizing committee acknowledges the assistance of staff members of Booster 
at KEK and also expresses their hearty thanks to National Laboratory for High En
ergy Physics, Monbusho and the Light Metal Educational Foundation, Inc for their 
sponsorship. 

K. Osamura, Kyoto University 
M. Furusaka, KEK 

December 1992 
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Formation and Coarsening Kinetics of 5 ' phase in Al-Li Alloys 

Tatsuo Sato, Yasuo Takaki and Akihiko Kamio 

Dept. of Metallurgical Engineering, Faculty of Engineering, 
Tokyo Institute of Technology, 0-okayama, Heguro-ku, Tokyo 152 

1. Introduction 
In the previous work [1,2] the decomposition process of Al-Li binary 

alloys was discussed based on the high resolution electron microscopy 
observation. Our results exhibited the existence of precursory structures to 
the 6 ' phase; i.e. homogeneously ordered structure and ordered domains. In 
this work, a two-step aging technique was employed to clarify the effect of 
pre-aging temperature on the formation of the 5 ' phase. The coarsening 
kinetics of the 5 ' phase was also determined for Al-Li alloys as a function 
of the 5 ' volume fraction . 

2. Experimental 
Aluminum alloys containing 1.80(6.7), 2.15(7.9), 2.70(9.7) and 3.33(11.8) 

mass(mol)!tLi were prepared. All specimens were solution treated at 793 K for 
1.8 ks and quenched into ice-water. Aging treatments were carried out at 323 
to 513 K. Two-step aging was also given to specimens. Microstructures of 
alloys were observed with a JEH-200CX high resolution electron microscope. 
The particle size of the 5 ' phase was measured on TEH dark field images 
using an image analysis system. 

3. Results and Discussion 
3.1 Formation of 8 ' phase 

In order to understand the nucleation behavior of the 5 ' phase, 
two-step aging was employed. Examples are shown for an Al-2.15JHLi alloy in 
Fig.l. Single-step aging at 513 K produced heterogeneous distribution of the 
5 ' phase because of low supersaturation of Li in the matrix (Fig.1(a)). 
Two-step aging with pre-aging temperature 373 K also produced similarly 
heterogeneous distribution of the 5 ' phase (Fig.1(b)). While, two-step 
aging with pre-aging temperature 423 K resulted in the markedly homogeneous 
distribution of the S ' phase as shown in Fig.1(c). The results simply 
indicate that the products formed at 373 K are somewhat different from those 
formed at 423 K and do not act as nucleation sites for the 5 ' phase. 
3.2 Coarsening kinetics of the 5 ' phase 
3.2.1 Coarsening rate 

The coarsening behavior of the 5 ' phase is shown in Fig.2 for an 
Al-2.15XLi alloy aged at 453 K. Fig.3 shows a cube of mean radius, R 3, as a 
function of aging time. Linear relationships between R 3 and aging time are 
obtained for all aging temperatures and specimens investigated in this work. 
A slope of a straight line or a coarsening rate constant, K, depends on both 
aging temperature and alloy composition. To know the dependence of K on the 
5 ' volume fraction and temperature, K values are plotted as functions of the 
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5 ' volume fraction, Q, and temperature, T, in Fig.4. The coarsening rate 
constant, K, increases with increasing Q and T. The derived value of the 
interfaeial energy for the 5 '/matrix interface was ~ 0.2 J/roE with 
assuming D=4.5 x 10-*1 exp{-139/RT) m2/s (diffusion constant for Li in Al) and 
Vm=3.9634 x 10 _ B m3/mol (molar volume). No significant temperature dependence 
of the interfacial energy was observed. 
3.2.2 Particle size distribution 

Fig.5 shows examples of the 5 ' particle size distribution (PSD) for 
various alloy compositions and aging time. The PSD shows no strong dependence 
on aging time within the present investigation. On the contrary, the PSD 
becomes more symmetrical with increasing volume fraction of the 5 ' phase. 
The combined size distribution of all PSDs at different aging time was 
produced for each temperature. This is useful to characterize size 
distribution profiles for different specimens and temperatures. Fig.6 shows 
the standard deviation, o, and skewness, k„, as functions of the 5 ' volume 
fraction, Q, and temperature, T. No significant dependence of o on both Q 
and T was observed. However, the skewness ka increases with increasing Q and 
decreases with increasing temperature. 
3.2.3 Comparison of the observed coarsening behavior with the theoretical 

prediction 
To know the mechanism controlling coarsening of the 5 ' phase values of 

a rate constant ratio, K(Q)/K(0), standard deviation, o, and skewness, k s, 
were plotted as a function of volume fraction, Q, for the experimentally and 
theoretically obtained results in Fig.7, Fig.8 and Fig.9. Although any of the 
theories does not fully explain the experimental results, the LSEM theory [3] 
explains fairly well the rate constant ratio and skewness. The effect of 
encounter between particles is possibly an important factor in controlling 
coarsening of the 6 ' phase in Al-Li alloys. 

4. Summary 
The formation and coarsening kinetics of the 5 ' phase were investigated 

using a transmission electron microscope and an image analysis system. In 
two-step aging, the pre-aging temperature 423 K produced homogeneous 
distribution of the 6 ' phase, while the pre-aging temperature 373 K 
resulted in heterogeneous distribution. This phenomenon indicates the 
existence of a somewhat different structure from the 5 ' phase at low 
temperatures. The coarsening of the 5 ' phase takes place in accordance with 
the R3-t law. The particle size distribution of the 5 ' depends on both the 
5 ' volume fraction and temperature. The temperature dependence, however, was 
not so strong. The LSEM theory taking into account the encounter effect 
explains well the experimental results. 

References 
(1) T.Sato and A.Kamio: Reports of the First Workshop, 28-29 June, (1990). 
(2) T.Sato and A.Kamio: Hater. Trans., JIM, 3J.(1990), 25. 
(3) C.K.L.Davies, P.Nash, N.Stevens: Acta Met., 28(1980), 179. 
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Fig.l 5 ' particles in Al-2.15SLi alloy. (a)513K. 36ks, 
(b)373K, 86.4ks — 513K, 36ks, (c)423K,21.6ks — 513K,86.4ks. 
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Fig.3 R 3 as a function aging time, t. 

Fig.4 K(Q,T) as functions of Q and T. 
Qrvolume fraction, T:temperature. 
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Atom Probe Study of Phase Decomposition of 
an Al-7.8at.%Li Alloy 

K. Hono, S. S. Babu, K. Hiraga, R. Okano and T. Sakurai 
Institute for Materials Research 

Tohoku University 
Sendai 980 

Japan 

INTRODUCTION 
The early stages of the phase decomposition of Al-Li binary alloys has been a subject of 

controversy. Earlier conventional electron microscopic works [1-5] reported that the precipitation 
process of this system is quite simple such as 

S.S. -*S'^>&, 
where S.S. is an abbreviation of supersaturated solid solution, 8' is the AhLi metastable phase 
with the LI2 structure, and 8 is the stable AlLi phase with the B32 structure. Since a high number 
density of very small particles were observed in the TEM image of the as-quenched alloy, it was 
believed that the S' phase forms during the quenching after the solution heat treatment. 

Controversy arose from the report of the differential scanning calorimetry (DSC) curves 
showing extra heat absorption peaks at lower temperatures than the dissolution temperature of the 
6' phase [6,7]. The authors of the above works ascribed these peaks to the dissolution of 
disordered Li clusters or G.P. zones. A theoretical study of the phase diagram by the CVD method 
[81 also supported this, view. According to their calculated phase diagrams, there is a miscibility 
gap for disordered solid solution inside the metastable a + S two phase region. However, there is 
no clear experimental evidence to support the presence of disordered G.P. zones prior to the 
precipitation of the 5' phase. Also, it should be noted that the selected area diffraction patterns 
(SADP) from the as-quenched sample always showed strong Ll2 ordering spots which may 
suggest the presence of the 5' particles from the beginning [1-5J. 

More recently, Khachaturyan et al. [91 suggested various possible transformation paths in this 
alloy system based on their theoretical construction of the metastable phase diagram. Based on this 
model, the Al-Li alloy within the coherent spinodal region would congruently order first, and then 
would decompose spinodally. There are two modes of congruent ordering; one is by nucleation 
and growth of ordered domains and another is by spontaneous or homogeneous ordering. The 
latter mode occurs below the instability line and is somewhat similar to spinodal ordering [ 10]. In 
any case, the quenched supersaturated solid solutions should order congruently (with no change in 
composition) before the spinodal decomposition proceed. The schematic free energy diagram to 
represent this transformation path is shown in Fig. 1 [9]. The solution treated sample is a 
homogeneous supersaturated disordered phase (A). On quenching, the free energy will drop from 
A to B, where the congruent ordering occurs without any concentration fluctuation. Since state B i;-
unstable with respect to spinodal decomposition, the homogeneously ordered supersaturated solid 
solution would start to decompose conipositionally (conditional spinodal decomposition). Note that 
ti . homogeneously ordered phase in state B has lower ordered degree since the alloy concentration 
is far lower than the stoichiometric concentration (25at%Li). If the alloy composition is 7.8at% Li, 
as in the case of the present work, the degree of the order, s, should be as low as 0.3. When the 
alloy is homogeneously ordered with s=0.3, the spinodal decomposition will be initiated. When the 
Li lean region reach the point of C, the ordered region will be disordered. The final state consists of 
disordered a (D) and 8' (E) phases. This is the most probable scenario of the early stage of the 
decomposition of Al-7.8at%Li alloy. However, note that a similar microstructure would be 
observed even if the decomposition mechanism is by the nucleation-and-growth, when the above 
decomposition is completed. Therefore, it would be essentially impossible to prove the above 
decomposition path experimentally, unless we observe the congruently ordered state. 

The high resolution electron microscopic works by Sato and Kamio [11] and Radmilovic et al. 
[12] claimed that their high resolution images of the early stage of decomposition of Al-Li alloys 
can provide evidence of the above transformation path. However, both works reported the 
presence of both ordered and disordered domains in the as-quenched state. If the supersaturated 
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solid solution congruently orders, there should not be disordered domains in the as-quenched state. 
The alloy must order congruently either by nucleation and growth or by continuous ordering (or 
spinodal ordering). In any case, once the congruent ordering is completed (state B), the alloy must 
be homogeneously ordered with smaller s because of the restriction of highly off-stoichiometric 
compositions as discussed above. The only faults which we can expect at stage B in Fig. 1 should 
be the anti-phase boundaries which wiii arise from impingiment of ordered domains with the anti
phase relation. However, the previous high resolution studies [11,12] clearly showed that the 
isolated ordered particles are present in the disordered matrix. This kind of microstructure is not 
expected at stage B of Fig. 1. These images would be interpreted more reasonably as a result of the 
completion of the above transformation path. 

The only convincing evidence for the above transformation path is to show the ordered state 
without concentration fluctuation. Therefore, we have adoptee a direct method to detect the 
concentration fluctuation of the as-quenched state, i.e. atom probe filed ion microscopy (APFIM) 
was carried out. An APFIM has the highest spatial resolution as a local analytical method and can 
detect light elements such as Li with equal detection efficiency if appropriate probing conditions are 
chosen. Therefore, this is the most suitable technique to determine the concentration fluctuation in 
the early stage of phase decomposition. 

EXPERIMENTAL 
Al-7.8at.%Li alloy wires and disks were solution heat treated in Ar filled pyrex tube for 20 min 

at 520 °C, then quickly quenched into iced brine. The wire specimens were then stored in a liquid 
nitrogen until the FIM experiment in order to freeze the as-quenched state. FIM tips were prepared 
from this wire specimen by the standard electropolishing technique. These tips were immediately 
transferred to the atom probe cold finger in which specimens were held at 30 K until the end of the 
analysis. The total time required for sample preparation and transfer was less than 15 min. 
Therefore the as-quenched samples in the present study were subjected to 15 min natural aging. 
The TEM thin foil specimens were prepared from the disks by the standard twin jet polishing 
technique immediately after the quenching. The high resolution imajte of die as-quenched samples 
were observed within 30 min after quenching. 

An energy compensated time-of-flight atom probe field ion microscope was used in the present 
study. The details of this instrument are described elsewhere [14]. The FIM images were all 
observed using He as an imaging gas at 20 K. The atom probe analyses were performed at about 
30 K with Vp/Vdc=0-15-0.2 under lxlO"8 Torr He. For conventional electron microscopy, JEM-
2000EX was used. For high resolution electron microscopy, JEM-4000EX with a top entry 
goniometer was used. 

RESULTS AND DISCUSSIONS 
A centered dark field electron micrograph taken by the (001) super lattice spot and the SAD 

pattern of the [001] zone axis are shown in Fig. 2. As reported by many other authors [1-5], the 
superlattice spots can be clearly observed from the as-qenched state. The dark field image also 
indicates the presence of small 8' or ordered domains. A high resolution electron micrograph of the 
as-quenched Al-7.8at.%Li alloy (30 min after quenching) is shown in Fig. 3. The larger lattice 
fringes (indicated as A and B) correspond to the lattice spacing of LI2 phase, -0.4 nm. Note that 
we can also clearly observe the fundamental lattices without any indications of LI2 ordering. The 
disordered regions seem to be surrounding the ordered regions. It is clear that this microstructure 
does not correspond to the congruently ordered state by homogeneous or continuous process 
below the instability line. Since if this is due to the homogeneous congruent ordering, the 
microstructure should show homogeneously ordered phase with only anti-phase boundary. In the 
high resolution image, there is a possibility that the ordered contrast disappears when anti-phase 
regions are overlapped. If the disordered regions observed in Fig. 3 is due to this artifact, the 
neighboring ordered domains should have anti-phase relations. Some of the neighboring ordered 
domains are actually in this relation (indicated as B); however many other ordered domains are bi
phase (indicated as A). Therefore, we can conclude that these disordered contrast are not due to the 
artifact, but it is unambiguous evidence of the presence of disordered phase in the as-quenched 
state. Therefore, these microstructures do not indicate the congruently ordered stage by the 
homogeneous process. Furthermore, if this microstructure is due the congruent ordering, we 
should not be able to detect the concentration fluctuation of Li at this stage. In order to examine this 
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point experimentally, we have measured the concentration depth profile by atom probe field ion 
microscope. 

Figure 4 is a concentration depth profile of the a>quenched Al-7.8at.%Li alloy in the [111] 
direction. This concentration depth profile is smoothed by taking a moving average of 100 atoms in 
a unit block and the moving distance of 50 atoms which is estimated to correspond to one or two 
(111) atomic planes. The concentration fluctuation is significantly higher than mat expected from 
the statistical errors. At least two data points reach 25 at.% Li which is the stoichiometric 
concentration of the d' precipitates. The average concentration determined experimentally from this 
analysis was 7.5 at.%, which is in good agreement with the nominal concentration of this sample. 
Therefore, we can conclude that this particular analysis is fully quantitative. 

We have shown in this study that the 5' precipitates containing 25at.% Li are present even in the 
as-quenched state (<15 min after quenching). The present results, therefore, rule out the previous 
conclusions that the homogeneously ordered matrix decomposed into Li rich ordered region (S') 
and disordered matrix in the similar alloys [11-13]. We have unambiguously shown that the 
significant concentration fluctuation was already developed in the as-quenched alloy. Therefore, it 
seems to be impossible to examine the decomposition path by the standard solution treatment and 
quenching experiment. Within 15 min after quenching, the decomposition process seems to have 
been completed. Therefore, in order to obtain conclusive evidence of the possible decomposition 
paths, one has to follow the decomposition process during the quenching. Such fast kinetics are 
not surprising, since 5' is fully coherent with the matrix and hence has low imerfacia! energy. It is 
also a well-known fact that G.P. zones form during the quenching after the solution heat treatment 
in some aluminum alloys such as Al-Zn and Al-Ag. 

CONCLUSIONS 
We have examined the microstructure of the as-quenched AI-7.8at.%Li alloy by HRTEM and 

APFIM. All the results of high resolution electron microscopy, field ion microscopy and atom 
probe analysis showed that extremely small 8' particles with stoichiometric composition were 
present from the as-quenched state. Therefore, the experimentally observable precipitation 
sequence is such as 

S.S. -> 5' -> 5. 
No evidence to support the presence of precursor to 6' was found. Although we do not rule out the 
possibility of the conditional spinodal decomposition preceeded by the congruent ordering, it 
appears that the kinetics of this decomposition is too fast to be followed by conventional high 
resolution techinques such as HRTEM and APFIM. 
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Li concentration 

Fig. 1 Schematic free energy composition F i 8 - 2 (001) superlattice dark field image of as-quenched 
diagram of Al-Li binary alloy [9]. Al-7.8at.% Li alloy. 
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A Fig. 3 High resolution electron 
micrograph of as-quenched 
Al-7.8at.%Li alloy. 

• Fig. 4 Atom probe concentration 
depth profile of as-quenched 
AI-7.8at.%Li alloy. 
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Ordering and Phase Separation in FCC/LI2 Alloys 
J. P. Simmons * and D. E. Laughlin 

Department of Metallurgical Engineering and Materials Science 
Carnegie Mellon University 

Pittsburgh, PA 15213 

INTRODUCTION 

In this paper we are interested in the formation of a phase with the LI2 structure from a matrix phase with the FCC 
structure. For such systems there exist a myriad of reaction paths that can be followed in attaining equilibrium, 
depending on the overall alloy composition and reaction temperature. Of particular interest to us in this paper is the 
occurrence of instability curves in the FCC/LI2 phase diagram. It has been shown that the following instabilities exist 
in the first-order FCC/LI2 system:*1-2) 

(!) instability of FCC with respect to phase separation (Ts) 
(2) instability of FCC with respect to atomic ordering to LI 2 (Tj) 
(3) instability of L12 with respect to phase separation (Tcs) 
(4) instability of L12 with respect to disordering (T j") 

The relative positions of these curves are of great importance in determining the possible sequence of reactions that 
occur at a given temperature. A priori we know T | > T[ for a thermodynamic first order transition. However the 
position of T s with respect to Tj and/or T c s can not be determined without further information. 

Below, we present the results we obtained when we modeled the FCC/LI2 system by the static concentration wave 
technique proposed by Khachaturyan. This model has two adjustable parameters: (V(0) and V(100)). V(0) 
measures the tendency of the FCC phase to phase separate while V(100) measures the tendency of the FCC phase to 
order to LI2. Both of these are k space coefficients of the free energy. By systematically varying the ratio of V(0) to 
V( 100) we obtain four distinct FCC/L12 instability diagrams. Importantly, these diagrams display ten distinct regions 
of instability. Herein we summarize our findings. In all cases we assume that atomic ordering processes occur much 
faster than phase separation. We refer the reader to the Ph.D. thesis of J. P. Simmons for the details of the model and 
calculations/3) 

DISCUSSION 

The equation for the free energy of the solid solution as a function of V(0) and V(100) has been derived by 
Khachaturyan et a/.C4) as is shown below. 

f = j W O ^ + SVdOO^VJ+iRTCd -c(3ti+l))ln(l-c(3ii+l)) + c(3ii+l)lnc(3r|+l) 

+ 3 c(l-T|) ln(3c(l-Ti)) + 3(l-c(l-ri)) ln(l-c(l-Ti))). (1) 

By differentiating twice with respect to c and TJ respectively and setting the resultant equations equal to zero, the 
following two instability temperatures can be found: 

T s = - ^ c ( l - c ) (2) 

T i = - » c ( l - c ) (3) 

These are inverted parabolic curves with maxima at c = O.S. 

We fix the value of V(100) and vary V(0) continuously. This produces different relative positions of each of the 
instabilities. Six different types of diagrams are obtained. The relative values of V(0) and V(100) which produce 
these diagrams are shown in Figure 1. 

This work is based on the Ph.D. thesis of Jeffrey P. Simmons, which was sponsored in part by ALCOA 
Technical Center and the National Science Foundation (DMR 84-13115). 
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In sector (f) of Figure 1, both V(0) and V(100) are positive. Since neither spontaneous ordering or phase separation 
can occur, we will not discuss this situation. When the values of V(0) and V(100) are negative and positive, 
respectively (i.e. sector (e)), the only instability is that of the FCC phase with respect to phase separation, T s. The 
phasr diagram with a miscibility gap is obtained. See Figure 2 which displays only the instability line, T s . In region I 
of this diagram, the FCC phase is stable; in region X, the FCC phase is stable with respect to atomic ordering but 
unstable with respect to phase separation into two FCC disordered phases. 

In sector (d) of Figure 1 the diagram with the relative positions of the instability curves shown in Figure 3 is 
produced. Here regions I and X are similar to those in Figure 2. But four other regions are formed, designated VIII, 
VI, VII and IX. 

In region VIII, the FCC phase is unstable with respect to phase separation and stable with respect to continuous 
atomic ordering. Therefore, an alloy quenched into this region would phase separate. After phase separation 
proceeds, the composition of the solute enriched region cuts across Tj into region VI. Here, the solute enriched 
regions become unstable with respect to atomic ordering and therefore develop long range order. This produces a two 
phase mixture (FCC and LI2) which eventually reaches equilibrium. 

In region VI, the FCC is unstable with respect to both phase separation and atomic ordering. We assume that the 
alomic ordering process proceeds much faster than the decomposition process, so the FCC phase orders to LI2. The 
L11 phase thus formed is unstable with respect to decomposition into two ordered phases.The solute depleted ordered 
phase eventually cuts T* and becomes unstable with respect to disordering, giving rise to a two phase mixture (FCC 
+ LI2) that eventually reaches equilibrium. 

In region VII of Figure 3, the FCC phase is unstable with respect to both decomposition and atomic ordering. As 
discussed above for region VI, we expect atomic ordering to occur first because of the kinetics . The ordered LI2 
single phase alloy thus formed is stable in region VII and does not evolve further by barrierless transition. 

Finally an FCC phase quenched into region IX of Figure 3 is below T s but above Tj . The FCC phase will 
decompose into two disordered phases until the solute enriched phase becomes unstable with respect to atomic 
ordering. It will order and again the two phases will eventually attain equilibrium. 

When the V(0) to V( 100) ratio puts the alloy in region (c) of Figure 1, the relative positions of the instability curves 
appear as shown in Figure 4. In this case only one new kind of region of instability is produced, namely the one 
designated as II. In this region the FCC phase is stable, since it is above both TJ andT s. Howeverif an ordered LI2 
phase is upquerched to a temperature in this region, it becomes unstable with respect to phase separation into two 
ordered regions. The solute depleted region eventually becomes unstable with respect to disordering eventually 
yielding a two phase FCC plus LI 2 mixture. 

When the values of V(0) to V(100) are such that they are in region (b) of Figure 1, the instability lines appear as 
shown in Figure 5. In this diagram three new regions are obtained, namely III, IV and V. 

In region III the FCC phase is stable with respect to the continuous formation of the ordered phase as well as stable 
with respect to phase decompositioa Therefore no barrierless reaction can occur. The ordered phase could form by a 
discontinuous, nucleation and growth type process, however. 

In region IV, the FCC phase is unstable with respect to atomic ordering. Once the ordering occurs, the ordered alloy 
becomes unstable with respect to phase separation. This region is similar to VI, since in VI the instability of FCC 
with respect to decomposition is superceded by its instability with respect to ordering. 

The reaction sequence in region V is like that of region VII for the same reason, namely the atomic ordering proceeds 
faster than phase separation. 

Finally when V(100) < 0 and V(0) > 0 (region (a) of Figure 1), the FCC phase can only be unstable with respect to 
atomic ordering. No region of instability with respect to phase separation of the disordered phase exists. See Figure 
6. Each of the regions in this diagram have been described above. 

There are thus ten instability regions which occur in different configurations of the diagrams. Table 1 summarizes the 
instability diagrams, along with the ranges of V(0) and V(100), and displays which instability regions are found in 
each. 
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Zabjej 

Sector Range Instability Regions 

a 
b 
c 

d 
e 
f 

V(k)<0, V(0)>0 
V(k)<0, V(OW(k)<l 
V(k)<0, KV(0)/V(k)<1.243 

V(k)<0, 1.243<V(0)/V(k) 
V(k)>0, V(0)<0 
V(k)>0, V(0)>0 

i. n, in. iv, v 
I, II, HI, IV. V, VI. VII 
I, II, VI, VII, VIII, IX, X 

I, VI, VII, VIII, IX, X 
I, X 
I 

Kulbami et a/.C7) have used pairwise interaction parameters to study the relative position of the instability curves in 
such systems. Their model is implicitly one of a second order transition. Thus they have not included an instability 
curve for the ordered phase with respect to disordering. 

The instability diagram shown in Figure 6 is essentially that obtained by Khachaturyan et a/.W in their modeling of 
Al-Li, as the values of V(0) and V(100) used to produce it were similar to the values that Khachaturyan et al. 
calculated for Al-Li. In this diagram, no FCC instability with respect to phase separation exists. As pointed out by 
Khachaturyan et al. W the FCC phase is only unstable with respect to atomic ordering for these values of V(0) and 
V(100). As discussed above, once the FCC phase orders to LI2, the LI2 phase can become unstable with respect to 
phase separation if the temperature and composition are in region IV of the diagram. Khachaturyan et al. call this 
sequence of reactions a cascade qfinstabilties. This is like the "conditional spinodal" defined by Allen and Cahn(5) in 
higher order order/disorder phase diagrams, in that the decomposition process is contingent on prior ordering. 

Sigli and Sanchez/6) on the other hand, have modeled the Al-Li phase diagram by the cluster variation technique. 
Their approach a predicted region of instability of FCC with respect to phase decomposition {viz. a metastable 
miscibility gap or FCC). Their diagram is similar to Figure 5, shown above. 

It is very difficult to determine experimentally which of these diagrams is "correct". If the FCC phase is quenched 
into region VI of Figure 5, the sequence of reactions would be identical to the ones occurring in region IV of the 
diagram, since the atomic ordering process proceeds much faster than the phase separation one. Hence, it may be 
impossible to distinguish experimentally between these two diagrams, by merely documenting the reaction sequences. 

SUMMARY 

Using the static concentration wave model we have demonstrated that ten possible regions of instability can exist in 
FCC/LI2 phase diagrams. Within each of these regions, distinct reaction behavior is predicted to occur. These 
reaction sequences have been discussed, region by region. We find that there are four distinct configurations of 
instability lines in the static concentration wave model. The "instability diagrams" so produced were compared to 
predictions of other workers. 
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Object ive 

The current work has been undertaken to study the transformation kinetics of 
5' precipitation in Al-Li binary alloy systems. The first objective emphasizes the early 
stage transformation process for various quenching conditions of the ordered phase. 
The other objective will extend the scope of experiment to the later stage of 
precipitation kinetics. There are several theoretical models that describe the 
evolution of the structure function, S(k,t), for both early and late stages. The 
comparison of the experimental results with theoretical predictions is possible to 
elaborate the real mechanism of precipitation in Al-Li alloy systems. 

Experimental Methods 

Al-Li binary alloys with 5.2. 7, 7.9, 9.7, and 12 at.& Li were used in this study. 
The experimental technique of choice for the present study is x-ray scattering. Due 
to the reasonably high penetrating power of x-rays the examined volume in the 
specimen is large enough to ensure reliable bulk behavior. Concurrently, the 
specimen can be made thin enough to allow for fast cooling so that the early-stage 
transformation phenomena can be followed. Also, the structure function is a Fourier 
transform of the spatial concentration correlation function. The study of the time 
evolution of the structure function using small-angle x-ray scattering (SAXS) 
technique provides an important clue to extract the real mechanism of phase 
separation. The time-resolved x-ray scattering techniques in both small-angle and 
large-angle regimes have thus been employed using synchrotron radiation and a 
conventional rotating-anode source for the present studies. 

Results and Discussion 

Early-Stage Decomposition Processes for the AI-12 at.%Li Alloy 

The interplay of clustering and ordering during phase separation is observed 
in many practical metallurgical systems. The former is associated with composition 
variations and the latter is associated with the variations of long-range order 
parameter. To discern the sequence of the phase separation, the simultaneous 
measurements of superlattice reflection and SAXS intensity profile have been 
carried out. 

The ordering process is accompanied by the appearance of the XRD 
superlattice lines. On the other hand, the decomposition into two different phases is 
manifested in the SAXS intensity profiles. The time evolution of both the SAXS 
scattering intensity and the XRD {100} superlattice reflection are exemplified at 
185°C in Fig. 1. Fig. 1(b) shows that the superlattice line has already emerged at 
0.2 seconds aging time at 185° C, but there is no noticeable concentration difference 
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between the ordered domain and the matrix for the same aging time as shown in the 
SAXS data in Fig. 1 (a). Similar behavior is observed at 234° C. This distinction is 
even more obvious at 290°. 

For a given temperature, the maximum intensity increases as aging time 
increases for both XRD {100} superlattice reflection and SAXS intensity. The full-
width-at-half-maximum (FWHM) of the {100} superlattice reflection first increases in 
the very early stages, then decreases continuously when the aging temperature is 
between 180°C and 234° C. This implies that the ordered domain size decreases in 
the beginning, then increases. However, it is very difficult to observe this 
phenomenon at 290° C. The FWHM maintains almost the same value before 
eventually decreasing. 

Figure 1 (a) 

Temporal evolution of the 
SAXS intensity profile at 185°C 
foraAI-12at.%Lialloy. 
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Figure 1(b) 

Temporal evolution of the XRD 
{100} superlattice reflection of 
the ordered phase at 185°C for 
aAI-12at.%Lialloy. 
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Additionally, the FWHM of the XRD {100} superlattice reflection at higher 
aging temperature is smaller than that at lower aging temperatures. This simply 
indicates that the ordered domain size is larger at higher aging temperature than that 
at lower aging temperatures. The position of maximum intensity of the SAXS 
intensity profile decreases as aging time increases regardless of aging temperature. 
It is clear even at this early stage of decomposition that the SAXS peak does not 
appear at a constant k value. It explicitly indicates that the Cahn-Hilliard linear-
theory of spinodal decomposition [1] is not followed. 

A comparison of the integrated intensities of the XRD {100} superlattice 
reflections and the SAXS intensity profiles could lead us to discern the sequence of 
the transformation processes. The observation shows that the beginning of the 
ordering process occurs sooner than that of decomposition for all aging 
temperatures from 180°C to 290° C. 

Table 1 summarizes the beginning time of both the ordering and the 
decomposition processes and the lag time between them. The lag time between 
them is not uniform partly because of the statistical fluctuation of the data. From a 
mean field theory by Khachaturyan et al. [2], the congruent ordering requires that 
ordered domains form without an accompanying concentration change. Our 
observation shows that the onset of ordering as observed by the apparent increase 
in the superlattice intensity precedes decomposition. This is consistent with the 
congruent or continuous ordering phenomenon [2]. It implicitly indicates that the 
congruent temperature, T 0 , is near 290° C. 

Table 1 Beginning Times Associated with the Noticeable Change 
of the Integrated Intensities of XRD {100} Superlattice Reflection 
and SAXS Intensity at Different Temperatures 

Aging Starting Starting Lag 
temperature time of time of time 

ordering decomposition 
process process 

(° C) (sees) (sees) (sees) 

180 5.2 7.0 1.8 
185 5.2 12.2 7.0 
196 5.0 8.1 3.1 
210 4.6 10.2 5.6 
217 5.3 6.9 1.6 
234 4.2 4.9 0.7 
245 5.1 5.5 0.4 
270 5.1 7.0 1.9 
278 5.1 6.6 1.5 
284 5.1 7.2 2.1 
290 5.1 7.1 2.0 

Since the ordering reaction precedes the decomposition below 290° C, it is 
reasonable to assume that the phase concentration doesnt change at the beginning 
of the aging treatment. Thus the initial rapid increase of the integrated intensity of the 
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XRD {100} superlattice reflection is dominated by the ordering process. A 
comparison of the increasing rate of the integrated intensity within the lag time region 
might offer information about the critical point of ordering instability temperature, T_. 
Although an absolute intensity conversion is not possible, the relative change in 
integrated intensity still provides useful information concerning the kinetic behavior 
of the phase transformation. The integrated intensities of the XRD {100} superlattice 
reflection at different aging temperatures are summarized in Fig. 2. A comparison of 
the {100} integrated intensities at different temperatures shows that the rate of 
intensity increase is larger at aging temperatures below 245° C, thereby suggesting 
this temperature is close to the ordering instability temperature, T.. 
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Figure 2 The integrated intensities of the {100} superlattice reflection as 
a function of aging time at various aging temperatures for an 
AI-12 at.% Li alloy. 

There are several theoretical models and numerical simulations to describe 
the power laws for particle growth [3-5]. In this section, the validity of the power 
growth law is tested using the results of synchrotron measurements. The peak 
intensity l m and the interference peak position k m are obtained by the best fitting 
polynomial curve. The interference peak position and the peak values of the SAXS 
intensity profiles have been approximated by a simple power law behavior except at 
the earliest aging times. The exponent values can be extracted from the slopes of 
the linear relationship and they are tabulated in Table 2. In general, the exponent 
value b of In l m versus In t is three times that of exponent a of In k m versus In t. The 
large fluctuations of both exponent values at the earliest aging time are due in part to 
the statistical noise of the measurements and to the possible invalidity of a power 
growth law in this earliest stage of the decomposition process. It is interesting to 
point out that the exponent value a ranges between 0.1 ~ 0.2 at low aging 
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temperatures. On the contrary, it is somewhere between 0.22 ~ 0.25 at high aging 
tomperatures except at 270° C and 278° C. The latter two temperatures show that 
there are two kinds of exponent value, between 0.11 ~ 0.17 and 0.33 ~ 0.35. All 
results agree with the exponent values obtained by numerical simulations and 
theoretical predictions [5-7]. 

Table 2 (a) The Exponent Value of Power Growth Law Relations 
Determined by Synchrotron SAXS Measured Data 

T 
(°C) b a b/a 

180 0.73 ± 0.08 0.20 ±0.11 3.71 ± 2.36 
196 0.74 ± 0.04 0.10 ±0.07 7.29 ± 5.21 
210 0.71 ± 0.05 0.12 ±0.03 5.69 ±1.85 
217 0.70 + 0.02 0.18 ±0.02 2.92 ± 0.32 
234 0.59 ± 0.02 0.23 ± 0.04 2.60 ± 0.51 
245 0.67± 0.04 - -
284 0.73 ± 0.08 0.23 ± 0.04 3.11 ±0.84 
290 0.61 + 0.06 0.22 ± 0.03 2.71 ± 0.60 

Table 2 (b) The Exponent Value of Power Growth Law Relations 
Determined by Synchrotron SAXS Measured Data 

T 
(°C) b a b/a 

270 0.78 ±0.21(1) 0.'1 ±0.04(1) 7.09 ± 3.68 
270 1.46 ±0.12 (2) 0.513 ±0.04 (2) 4.42 + 0.90 
278 0.75 ±0.29(1) 0.17 ±0.09(1) 4.41 ± 3.79 
278 1.45 ±0.04 (2) 0.35 ±0.03 (2) 4.14 ±0.47 

(1) (2) represent the sequence of stages 

Late-Stage Decomposition Processes 

For the 5.2 at.% Li alloy, no noticeable SAXS intensity was found for any 
aging condition between -10° and 200°C for as long as several months. This 
concludes that this alloy composition lies in a single phase (a) field. For other alloy 
compositions and aging temperatures studied in this work, the SAXS pattern shows 
an interference peak and a strong tail near the incident beam direction. The 
maximum intensity increases and the wavevector corresponding to the maximum 
intensity decreases when aging time increases. In addition, the intensity amplitude 
increases with increasing Li concentration in the sample. The strong scattering 
below k = 0.002 A"1 is attributed to the preexisting precipitates near grain boundaries 
which were discussed in the study by Shaiu et al [8]. 
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The calculated Guinier radii, R g, for a Al-9.7at.% Li alloy are plotted as a 
function of aging time in a cubic coarsening relationship in Fig. 3. Similar behavior 
were observed for other compositions. It is obvious that the coarsening reaction 
occurs almost as quickly as the aging temperature is reached, except at the highest 
aging temperatures close to the solvus boundary. A deviation from the linear 
relationship in the beginning is observed. The deviation occurs at aging 
temperatures of 180° C and 160° C for the 9.7 at.% Li and 7.9 at.% Li samples, 
respectively. This phenomenon is due to the low driving force of the low 
supercooled condition. 

Figure 3 

The coarsening behavior is 
shown in a Rg 3 vs time plot 
foraAI-9.7at.%Lialloy. 

0 10 20 30 40 SO 60 
Time(hrs) 

The activation energy for the diffusion of Li atoms in the solid solution can be 
calculated using the coarsening rate constants (K) which are obtained from the 
slopes in Fig. 3. Assuming the interfacial energy is not a strong function of 
temperature, there exists a linear relationship between KT/C e and diffusivity, D. 
Table 3 lists all the corresponding K values and the calculated activation energies for 
both compositions. It seems that the activation energy is composition dependent. 

Table 3 The Coarsening Rate Constants, K, and the 
Calculated Activation Energy, Q. 

Alloy 
Composition 
at.%.Li 

Aging 
Temp. 
(°C) 

Rate 
Constant 

(1x10"24cm3/sec) 

Activation 
Energy 
(Kcal/mole) 

9.7 
180 
170 
160 
140 

38.34 
13.24 
9.41 
1.78 

22.73 

160 6.02 
7.9 150 3.68 21.28 

130 0.73 



According to the LSW theory of coarsening [9,10], it is possible to determine 
the diffusivity, D, from the measured coarsening rate constant K, when yand C e are 
known. Using the literature data for the interfacial energy [11], y= 11 mJ/m2, and for 
C e [12], the calculated diffusivity values are tabulated in Table 4. 

Table 4 The Calculated Diffusivity, D, Determined by SAXS 

Alloy Aging K D D* 
Composition Temp. (1X102 4 (1x1 (T 15cm2/sec) (1x10"16cm2/sec) 
(at.% Li) (°C) cm3/sec) 

9.7 180 38.34 26.1 28.5 
170 13.24 9.62 14.0 
160 9.41 8.64 6.64 
140 1.78 1.96 1.33 

160 6.02 5.53 6.64 
7.9 150 3.68 3.62 3.02 

130 0.73 0.91 0.57 

* Calculated diffusivity using Wen et al. expression [13]. 

The diffusivities calculated in the present study using coarsening rate 
constants are at least one order of magnitude larger than those using the above 
formula. This disagreement may be attributed to the validity of the LSW theory. The 
LSW theory is strictly valid only when the volume fraction of precipitates is near zero. 
The diffusion mean free path becomes shorter as the volume fraction of precipitates 
becomes larger. Thus, the coarsening rate becomes faster. Several theoretical 
treatments for the effect of volume fraction on coarsening rate, K{<t>), have been 
developed [14,15]. However, there is no exact quantitative agreement among them. 
In the present study, the Ardell model is chosen to back-calculate the coarsening rate 
constants without volume fraction effect, i.e. K(0). After this correction, the calculated 
diffusivities, D, are very close to those calculated from the Wen expression. Table 5 
shows these calculated diffusivities. It is necessary to state that the equilibrium 
concentration of the matrix in equilibrium with infinitely large particles, C e , as well as 
the calculated volume fraction of the precipitates, are extracted from the calculated 
phase diagram of Sigli et al. [12]. 

Since the concentration of lithium in the matrix is almost the same when 
coarsening occurs, the calculated diffusivity should be the same for both 
compositions, Al-Li alloy with 9.7 at.% Li and 7.9 at.% Li at the same aging 
temperature 160° C. Experimentally, it is not true even after correcting for the effect 
of volume fraction. It is suggested that the volume fraction calculated based upon the 
phase diagram of Sigli et al. is not correct. In order to prove the constancy of the 
coarsening rate constant at a specific aging temperature, a different volume fraction 
of the 8' precipitates is obtained using the phase diagram developed by Cocco [16]. 
The recalculated diffusivity is very close for both compositions at an aging 
temperature of 160° C. Table 6 shows the equilibrium concentration of the matrix on 
the surface of infinitely large particles, the volume fraction of precipitates, the 
coarsening rate constants without the effect of volume fraction, and the calculated 
diffusivities for an aging temperature of 160° C. It is concluded that the calculated 
volume fraction of 8' precipitates using the Cocco phase diagram produced most 
satisfactory results. 
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Table 5 Comparison of Calculated Diffusivities, D, Determined by SAXS 
Technique Using Classical and Modified LSW Theory 

Alloy Aging K(4>)/K(0) D 1 D 2 

Composition Temp. 
(at.% Li) (°C) (lxirj~16cm2/sec) 

9.7 180 10.27 25.4 28.5 
170 11.18 8.60 14.0 
160 11.21 7.71 6.64 
140 11.64 1.68 1.33 

160 8.96 10.01 6.64 
7.9 150 8.91 4.06 3.02 

130 9.69 0.94 0.56 

Di: The current work corrected for volume fraction effect according to Ardell [14]. 
D2: The calculated diffusivity using Wen et al. expression [13]. 

Table 6 The Calculated Diffusivity, D, and Volume Fraction Using 
Cocco Phase Diagram at Aging Temperature 160° C 

Alloy 
Comp. 
(at.% Li) 

ill c e 

(mole/m3) 
Vol% K(*)/K(0) D 

(1xl0"16cm2/sec) 

9.7 
7.9 

9.41 
6.02 

5737.6 
5737.6 

0.19 
0.09 

8.58 
5.64 

4.46 
4.35 

• Ardell model [14] 

The activation energy for the diffusion of lithium atoms within the matrix a 
phase, Q, has also been determined in this study. The activation energy is 22.73 
and 21.28 KcalAnole for Al-Li alloys with 9.7 at.% Li and 7.9 at.% Li, respectively. 
These values are on the same order but a little lower than those of other studies of 
Al-Li alloys as summarized in Table 7. The reason may be due to the effect of 
volume fraction of precipitates and overestimation of the diffusivity of Li atoms within 
aluminum. According to the similar argument mentioned in the last section, an 
appropriate correction is necessary. Since the combination of the volume fraction 
effect provided by Ardell and the calculated volume fraction using the Cocco phase 
diagram gives a close value in diffusivity, the correction of the volume fraction effect 
in the activation energy follows in the same way. Table 7 shows the results for both 
compositions. It indicates that the activation energies for the diffusion of Li atoms in 
the matrix for two different compositions become higher and their values closer to 
those of other studies. From the argument of Baumann et al.[17J, the K should be a 
constant at a specific temperature, thus the activation energy should be the same for 
both compositions. However, the result does not agree very well. It might be 
because the concentrations of the matrix haven't reached equilibrium or because of 
the measurement uncertainty. But, there is no doubt that the volume fraction of 
precipitates plays an important role in the kinetics of the coarsening process. 
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Table 7 Summary of Activation Energies for Al-Li Alloys 

Alloy Activation Techniques References 
Composition Energy Used 
(at.%Li) 

12.9 30.58 ± 3.11 TEM and LSW D. B. Williams 
10.7 29.14 ± 4.06 Theory etal. [18] 
7.9 26.99 ± 5.02 
9.7* 22.73 SAXS and LSW Present Work 
7.9* 21.28 Theory 
12.0* 34.4 SAXS and LSW Shaiuetal. [13] 
7.0* 21.50 Theory 
9.2 30.15 SAXS and LSW Lee etal. [19] 
8.0 25.05 
1.0 or 2.0 30.10 ±1.24 Elastic Recoil Moreau et al. 

Detection [20] 
Pure Al 28.4 Wen etal. [13] 

As discussed in the section concerning early-stage decomposition in Table 2, 
various power laws have been proposed to describe the dependence of both the 
maximum intensity, l m , and the corresponding wavevector, k m , on aging time, t. 
Experimentally, the exponent values can be found from the slopes of the In km versus 
In t, and In l m versus In t plots. The resultant exponent values for the 7.9 and 9.7 
at.%Li alloys are tabulated in Table 8. In general, the value of exponent a is close to 
0.3 and b is close to 0.9. and the relation b = 3a holds. This indicates that the 
extreme concentrations have practically reached the (metastable) equilibrium phase 
boundaries. According to the model proposed by Furukawa [7], this requirement is 
consistent with the prediction of the scaling law. As for the exponent value of "a" 
which is not exactly at 1/3 as predicted by Lifshitz and Slyozov [9], it may be due to 
the measurement uncertainty, the difficulty of measurement of the maximum intensity 
position or an invalid theoretical basis. 

Table 8 The Exponent Value of Power Law Relations 

Alloy Aging 
Composition Temperature b a b/a 
(at.% Li) (°C) 

180 0.899 0.285 3.15 
9.7 170 0.927 0.384 2.41 

160 0.880 0.300 2.93 
140 0.865 0.323 2.68 

160 0.941 0.317 2.97 
7.9 150 0.821 0.270 3.04 

130 0.849 0.291 2.92 



A dynamic scaling of the time-independent structure function in the late-stages 
of decomposition has already been discussed. The evolution of the structure 
function can be directiy measured by SAXS techniques, and the applicability of the 
dynamic scaling can be checked within these alloy systems. Here, the characteristic 
length is chosen to be the wavevector corresponding to the maximum intensity 
position, k m , to test Furukawa's scaling theory. In addition, the validity of this 
dynamic scaling has already been checked using the relationship of exponent 
values, b = 3a, in the previous section. Figure 4 shows some results for km3|(k) 
versus k/km for both alloy compositions. Results are far better than those obtained at 
early stage data taken for the AI-12at.%Li alloy using synchrotron radiation. When 
the aging temperature is higher and aging time is longer, the scaling behavior is very 
well behaved. However, it is difficult to conclude that the scaling function in our 
results is temperature-independent. 
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Conclusions 
The early stage kinetics of 8' precipitation in Al-Li alloys has been studied by 

correlating the XRD superlattice reflection and the SAXS profiles using synchrotron 
radiation methods, whereas the late stage phenomena were studied using 
conventional SAXS techniques. The current study results in the following 
conclusions: 
(1) The onset of the ordering process is sooner than that of the decomposition 

process for the AI-12 at.% Li alloy in the temperature range from 180°C to 290°C. 
(2) The ordering instability temperature, T., is suggested to be near 245°C for the AI-

12 at.% Li alloy. 
(3) The phase separation is completed shortly after direct quenching to the aging 

temperatures. In the earliest stage, there is no definite power law relationship. 
Thereafter, the power exponent "a" falls between 0.22 and 0.25. This is then 
followed by coarsening with a=1/3. 

(4) When the structure function follows the scaling behavior, the power growth law 
has the following relationships, b = 3a, l m ~ t b , and k m ~ f a . The reverse is not 
necessarily true, however. When the relationship b = 3a is satisfied, the structure 
function does not always scale. 

(5) Using the late stage coarsening rate constants, the Li diffusivity and the 
corresponding activation energies have been found. The effect of precipitate 
volume fraction correction is essential. 
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Abstract 

In order to elucidate the transformation path and dynamics of structure change at the 
early stage in Al-11.8at%Li alloy, SR-SAS study has been performed. At the early stage 
of isothermal aging after ice-water quenching, the phase decomposition regime was found to 
depend on aging temperature. When the alloy was aged above the spinodal line, the coars
ening stage is quickly reached upon aging after a short transient growth process. When the 
alloy was aged below the congruent equilibrium line, the secondary spi nodal decomposition 
predicted by Khachaturyan has been suggested to take place at the first stage and is followed 
by growth of clusters with sharp interface. 

Introduction 

Characteristics of the Al-Li alloy is to observe the precipitation of metastable ordered 
phase. As discussed several authros[l,2], the phase transformation path changes depending 
on temperature. When the alloy is quenched above the spinodal line and isothermally aged, 
the ordered 5' phase precipitates by nucleation and growth mechanism. When the alloy 
is quenched below To line, on the other hand, the transformation path becomes different 
as predicted in the following. First, the quenched alloy orders congruently. Second the 
uniformly ordered solution decomposes by secondary spinodal decomposition in the order 
state, where the composition modulation occurs in space. Third, the low-Li composition 
region transforms to disorder state on reaching the limit of stability for the ordered phase. 

In order to understand fully the temperature dependence of transformation path during 
aging, however, the experimental results are still insufficient. In the present study, it is 
mainly aimed to elucidate various possible transformation pahts predicted by Khachaturyan 
and dynamics of structure change at the early stage. 

Experimental Procedure 

The sample investigated here was an Al-11.8at%Li alloy. After the sample was mechan
ically thinned to 0.1 mm, it was solution treated at 673 K for 30 sec and quenched into 
ice water. In-situ synchrotron radiation-small angle scattering ( SR-SAS ) measurements 
have been performed using the apparatus installed at BL-15A in Photon Factory, National 
Laboratory for High Energy Physics, KEK. An as-quenched sample is dropped into a small 
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electric furnace placed at the sample position in the SAS apparatus and simultaneously time-
resolved SAS intensities are accumulated. The details was reported elsewhere (Osamura et 
al [3]). Temperature of the furnace is maintained at aging temperature of 413, 473 or 533 K. 

Experimental Results and Discussion 

A typical of SAS intensity change during phase decomposition is shown in Fig. 1. Ac
cording to Shaiu et al[4], no appreciable SAXS intensity was observed for the as-quenched 
Al-12at%Li alloy, while superlattice spots due to L l 2 structure were detected by the TEM-
diffraction pattern. They suggested that the quenched samples are already partially ordered, 
but no decomposition is followed yet. Time evolution of scattering intensity became different 
depending on aging temperature. As shown in Fig. 1(a), scattering intensity for the sam
ple aged at 413 K was relatively weak and increased gradually with time. An asymptotic 
function for the scattering intensity can be expressed as k _ m at high k region, where m in
creased from 2.5 up to 4 with aging time. For the sample aged at 533 K, scattering intensity 
increased largely and the k m shifted rapidly towards low k region with time as shown in Fig. 
1(b). 

Fig. 2 shows change of kTO as a function of aging time. Single slope is not ensured over 
the whole aging time, but it seems to change around an inflection point given by arrows. 
As shown by triangles, for instance, the initial slope for the sample at 413 K is proportional 
to -0.02 and the second slope to -0.12. Such a change of the slope suggests alternation of 
decomposition regime. For all three conditions, two kinds of slope are found depending on 
time range. Thus each stage is called first and second for simplicity. The time range and 
time exponent(-njt) for each stage are summarized in Table 1. The power law for other 
structure parameters of the maximum of scattering intensity (I m ) and the Guinier radius 
(RG) are summarized in Table 1. 

(a) Decomposition in Metastable Region 
When an analysis based on the cluster model is applicable, it is possible to estimate 

cluster size from the so-called Guinier plot for the k dependence of scattering intensity. Fig. 
3 shows change of Guinier radius as a function of aging time. At 533 K aging, the radius 
changed from 2 to 7 nm. The time exponent was found to be 0.5 and 0.33 for the first and 
second stage, respectively. As shown in Fig. 1(b), the k dependence of scattering intensity 
at high k region is found to be proportional to k - 4 . This proportionality is well known as 
Porod's law, indicating the existence of clusters with sharp interface. As listed in Table 1, 
the power law of -n f c =l /3 and n/=l appearing at the second stage of 533 K aging is typical 
for coarsening process in the cluster kinetics as proposed originally by Lifshitz, Slyozov and 
Wagner( LSW )[10,11], where the time exponent, n^ is expected to be 1/3. The first stage 
seems to correspond to grwoth process of clusters, because the time exponent for RQ is 
close to 1/2. However, there is no theory to explain the relatively large time exponents for 
k m and I m as listed in Table 1. A possible explanation is, however in the following. The 
present sample is quenched into ice water before aging. The ordering process only requires 
interchanges of nearest neighbouring atoms and so could readily occur during quenching. 
Even though the disordered state is metastable at 533 K, the decomposition starts from 
the ordered state produced by ice-water-quenching. In the thermodynamical viewpoint, 
the chemical driving force becomes much higher for cluster growth from unstable ordered 
state. Thus the growing rate is enhanced, untill the matrix changes to disordered state. 
Consequently it is concluded that the coarsening stage is quickly reached upon aging at 533 
K after a short transient growth process at very early stage within 5 sec as listed in Table 2. 
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(b) Decomposition in Unstable Region 
As shown in Fig.l(a) for the sample aged at 413 K, the exponent m in the k dependence 

of scattering intensity is found to change from 2.5 to 4 with increasing time at the first stage 
of 413 K aging. This suggests an existence of composition modulations spreading over the 
system as discussed previously (Osamura[5]). A composition modulation gives rise to inten
sity about the small angle scattering region. At a constant scattering vector, the intensity is 
suggested to have a time dependence given by the equation, I(k,t)=I(k,0)exp[2R(k)t], where 
R(k) is the amplification factor. Fig. 4 shows the logarithmic change of scattering intensity 
as a function of time. The slope of these plots yields R(k). The amplification factor was 
determined in the time range between 20 and 200 s for the sample aged at 413 K. Here 
within experimental accuracy, a linear relationship of ln|l(k)] vs t can be recognized. The k 
dependence of R(k) is shown in Fig.5. The factor becomes maximum at kjtm = 1.45 n m _ 1 

and zero at k c = 2.8 nm" 1 . The ratio k c / kn m (=1.9) does not match with the theoretical 
number of 1.41 predicted by the linear spinodal decomposition regime (Cahn[6]). When the 
linear spinodal decomposition regime is operative, the position of km remains constant, but 
the increasing rate of lm is proportional to exp^Rfk^t] . However, the experimental facts 
of a weak time dependent k m and the large ratio k c/kj{m give a deviation from the linearized 
Cahn theory. According to the Langer, Bar-on and Miller (LBM) theory [7] of spinodal 
decomposition which accounts for some coarsening at earlier stages, the power law is given 
as k m = k m o t - 0 ' 2 1 for the alloy with critical comosition. Their theory has been reported to be 
well reproduced by computer simulation based on the three dimensional kinetic Ising model 
by Marro et al [8]. They reported that n* and n/ are 0.21 and 0.69, respectively for the 
alloy with critical composition aged at T/T c=0.6. On the other hand, Binder and Stauffer 
( BS )[9] developed the cluster diffusion and coagulation model based on cluster dynamics 
approach. This regime seems to operate during the intermediate stages of coarsening. The 
time exponents -n& and nl were proposed to be 1/6 and 1/2, respectively. Hence it is much 
smaller than predicted by the LSW theory (-n*=l/3). In the system where clusters dis
tribute very densely, a coagulation among clusters resultant from cluster diffusion tends to 
occur more preferably. 

Comparing the experimental data listed in Table 1 with the above mentioned theoretical 
predictions, an apparent agreement for both theories seems to hold at the second stage of 
413 K and at both stages of 473 K. There might exist clusters with sharp interface as proved 
from Fig. 3 (a) and (b). According to Shaiu et al[4], the coarsening process due to LSW 
theory has been established for the Al-12at%Li alloy aged at the same temperatures of 413 
and 473 K after long time aging. Therefore it is suggested that the second stage of 413 K 
and both stages of 473 K are characterized to be the prestage of coarsening process proposed 
by BS theory. 

According to Khachaturyan's thermodynamic model, the alloy is congruently ordered and 
followed by secondary spinodal decomposition, when it is quenched at temperatures below 
the T 0 line. When the alloy with composition of 11.8at%Li is in the homogeneously ordered 
state, its structure is described as follows. The Al sublattice is fully occupied by Al atoms, 
but the Li sublattice is occupied either by Al or Li atom. Then the secondary spinodal 
decomposition is confined on the Li sublattice, that is, it is equivalent to the substitutional 
solution of Al and Li atoms on a simple cubic lattice with solute concentration of 47.2at%Li. 
The Li rich clusters on this lattice corresponds to the 6' phase with LI2 structure. It should 
be noted that the present solute concentration on the Li sublattice is close to the critical 
composition. At present, it is difficult to predict definitely time exponents at the very early 
stage of spinodal decomposition. In the present experimental data for the alloy aged at 413 K, 
the linear relationship between logarithmic intensity vs time and the resultant amplification 
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factor have been well defined. The Porod's law does not hold at this first stage. From 
these experimental evidence, the so called secondary spinodal decomposition predicted by 
Khachaturyan might be suggested to take place at the first stage of 413 K aging. A more 
detailed analysis has been reported in ref[12]. 

Conclusion 

In order to make clear the phase decomposition regime in the Al-Li alloy, the in-situ 
SR-SAS measurements have been performed. From the data analysis, the following facts 
have been mainly clarified. 1) Time dependence of structure parameters as km, Im and 
RG was divided into two stages. In each stage, the power law holds for these parame ters. 
The power law suggests that the second stage of 533 K aging is well characterized as the 
coarsening process due to LSW theory. The coarsening stage is quickly reached upon aging 
at 533 K after a short transient growth process at very early stage within 5 sec. 2) At the 
low temperature aging, the well-defined composition waves have been found to develop at 
the early stage of decomposition. From the experimental evidence, the secondary spinodal 
decomposition predicted by Khachaturyan might be suggested to take place at the first stage 
o f 413 K aging. 
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Table 1 Time exponent of the power law. 

first stage second stage 

aging tine 
temp, range 
CK) Cs) 

time n k n: 
range 
(s) 

413 1 0 -
400 

0. 02 0.23 0.09 5 0 0 -
1800 

0. 12 0.51 0. 21 

473 2 ~ 
30 

0. 11 0.48 0.14 4 0 ~ 
180 

0.21 0.71 0 .23 

533 1 ~ 
6 

0.5 1.7 0 .5 7 ~ 
54 

0 .33 0 .94 0 .33 

Table 2 Phase decomposition path depending on temperature. 
533 K 473 K 413 K 

First Stage enhanced 
nucleation 
and growth 

non-linear 
splnodal 

decomposition 
(LBM) 

spinodal 
decomposition 

Second Stage coarsening 
process 

(LSW) 

cluster 
diffusion 

and 
coagulation 

( 8 S ) 

non-linear 
splnodal 

decomposition 
(LBM) 

Late Stage coarsening 
process 

coarsening 
process 

coarsening 
process 
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ABSTRACT 

To study phase separation kinetics of Al-9.5at%Li polycrystalline alloys in which 
precipitates have ordered A^Li (5') structure, profile analysis of small-angle 
neutron scattering and superlattice reflections {100} and {110} were done. A 
small-angle scattering instrument and a triple-axis spectrometer in elastic mode 
were used in the measurements. Strong texture was observed in the reflections. 
Therefore, measurements were done using the crystal orientation where the 
intensity of the reflection was at the maximum. Profiles of small-angle scattering 
and superlattice reflections were almost identical at higher momentum transfer 
side. At lower momentum transfer side, small-angle scattering showed 
interference effects, but superlattice reflection did not show any sign of the 
interference. Integrated intensities of superlattice reflections were obtained, and 
compared with the small-angle scattering intensity. The order parameter was not 
saturated in the 8' precipitates at the early stage of the phase separation process. 

INTRODUCTION 

Al-Li based alloys have gathered strong interest especially in the aircraft industry 
because of high strength, high elastic modulus and low density. They are also suitable to 
study kinetics of the phase separation behavior associated with ordering, since the misfit 
strain between the precipitates and matrix is very small. Precipitates at late stages are known 
to be metastable spherical AbLi (8'), but the mechanism of the formation of 8' precipitates and 
their ordering at earlier stages is not well understood. 
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Yu and Chen have studied early stages of decomposition processes as well as ordering 
kinetics for Al-Li systems by means of X-ray small-angle scattering and the superlattice 
reflection {100) measurement.1^ They measured time dependence of integrated intensities and 
FWHM of superlattice reflection. They concluded that the onset of the ordering process is 
sooner than that of the decomposition processes for the Al-12at%Li alloy in the temperature 
range from 180 C to 290 C. 

Similar measurements have been done by Blaschko, Glas and Weinzierl using a small-
angle neutron scattering (SANS) instrument and a triple axis spectrometer.2) They also 
provided intensity and size information for both quantities, but little discussion were given on 
the correlation between them. Interference effects in the (100) superlattice reflection were 
also found at short annealing times at 120 C, but because of the high background, counting 
statistics of the superlattice reflection was not enough to discuss the profiles of the peaks. To 
understand the mechanism of phase separation processes associate with ordering, we have to 
compare both quantities more quantitatively. Therefore, we performed profile analysis of both 
by using a triple axis spectrometer and a small-angle scattering instrument. We stated the 
phenomena from the time range when density fluctuations were very small, but ordering 
already takes place during quenching. 

EXPERIMENTAL PROCEDURES 

Al-9.5at%Li alloys were cut into plates of 10w x 3(fl- x 2 l mm3 and three of them were 
used for the neutron experiment. Solution treatment was performed at 500C followed by rapid 
quench into iced brine. Samples were then annealed for 1, 2, 4 hours at 100 C, and 20 minutes 
up to 24 hours at 150 C. 

Superlattice reflections were measured at ambient temperature using H9 triple-axis 
spectrometer in elastic mode at Brookhaven National Laboratory BNL. Incoming neutron 
energy was 5 meV and collimation was 60'-40'-60'-80'-80'. Instrumental resolution SQ around 
the {100} was 0.012 A - 1 , which was about one order of magnitude better than the superlattice 
reflections. The scattering data were corrected for background and sample transmission. 

Small-angle neutron scattering was carried out also at ambient temperature using the 
small-angle scattering instrument SAN at pulsed cold neutron source at National Laboratory 
for High Energy Physics (KEK). Sample to detector distance was lm, which covered 0.02 < 
Q < 0.6 A"1. The scattering data were corrected for background, sample transmission and 
normalized by incoherent scattering from pure water. 

RESULTS AND DISCUSSIONS 

Figure 1 shows typical results of texture measurement of {100} superlattice reflection 
in the Al-Li samples. Scattering angle was fixed at the center of each Bragg peak, and the 
sample was rotated along the vertical axis. The origin of the axis was fixed in such a way that 
the incident neutron beam direction was normal to the plates of the sample when scattering 
angle 20 was zero. 
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Fig. 1. Texture measurement of {100) 
superlattice reflection. 

Q 

Fig. 2. Time evolution of {100J superlattice 
peaks for 100 C and 150 C annealing. 

The analysis showed that there were 
two sets of crystallites. One of them aligned 
to one of the {001} axes were along the long 
direction of the specimen, one in the plane 
and one perpendicular to the face of the 
plates. The other set was such that (111J is along the long direction of the specimen and other 
(111) axes did not have specific angular preference. We decided to measure the superlattice 
reflection at the peak of such curve at fixed crystal orientation, as opposite to rotate the 
sample during the measurement as Blaschko et al. did in their experiment.2) The intensity gain 
by this method was more than twice, and we could eliminate the possibility of superposed 
background from different set of crystallites. 

The {100} peak was measured in reflection geometry. Sample was rotated by 45 
degrees to measure the {110} superlattice 
peak. 

Figure 2 shows time evolution of 
{100} superlattice peak for 100 C and 150 C 
annealing temperature. Figure 3 shows 
SANS in linear scale for samples annealed at 
150 C. The superlattice reflection was 
already evolved in the as quenched sample, 
but SANS was quite low in the 0.04 S Q < 
0.4 A"1 range. Excess SANS was observed 
below Q = 0.04 A-i, and it showed I(Q) ~ Q-
2 behavior, therefore, it could attribute to a 
scattering from grain boundaries. 

Fig. 3. SANS profiles in 150 C annealed 
sample. 
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(100) .(110) 

To compare the profiles of these superlattice reflections from (100} and (110), and 
SANS more precisely, they were plotted on the same figures as shown in Figs. 4, 5 and 6 in 
logarithmic scale. The abscissa of the scattering curves of the superlattice reflections was 
measured from the center of the peaks of the superlattice reflection, and constant background 
was subtracted from them. SANS curves were scaled so mat the high-Q parts of them were 
overlapped with superlattice peaks. 

As shown in Figs. 4, 5 and 6, superlattice reflections were smoothly falling down as Q 
increase and no sign of interference effect was observed as opposite to the result of Blaschko, 
Glas and Weinzierl. In contrast to it, SANS showed broad maxima; they could be attributed to 
the inter-particle interference effects between the precipitates. It is note worthy that higher Q 

part of both curves was almost identical. The 
SANS curves could be separated into form 
factor part and inter-particle interference 
part. Since there was no other source of 
scattering other than the precipitates, it is 
natural to think that form factor part of the 
SANS scattering is identical to that of 
superlattice reflections. 

Then why the superlattice peaks did 
not show interference effects? The Al-Li 
alloy has fee structure and there are four 
kinds of antiphase domains. Since nearest 
neighbor precipitates around one particular 

Q precipitate should take one of four antiphase 
domains at random, the interference term 

Fig. 4. Comparison of profiles of superlattice could be suppressed. On the other hand, 
since SANS reflects only smeared 
concentration fluctuation, all the nearest 
neighbor precipitates contribute to the 
interference term. 

The high Q part of both curves showed 
nearly I(Q) ~ Q- 4 behavior, which 
corresponds to the formation of sharp 
interfaces between precipitates and the 
remaining matrix phase. It is well known 
that dynamical-scaling holds in such time 
range, at least in good approximation. In Fig. 
7 shows the result of the dynamical scaling. 
A first moment of the scattering function Q, 
(almost same as a peak position of the 

o.oi o.i 1 scattering) was taken as the inverse of the 
Q relevant length scale. In the time range when 

dynamical-scaling holds, integrated intensity 
Fig. 5. Comparison of profiles of superlattice of SANS remains constant, 

reflections {100} and [110}, and scaled 
SANS in the 20 minutes annealed 
sample at 150C. 

4. Comparison of profiles of superlattice 
reflections (100) and {110}, and scaled 
SANS in the as quenched sample. 
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1000 
(100) (110) 

Fig. 8 shows time evolution of 
integrated intensity of the {100) peak 
annealed at 150 C. It is an increasing 
function of annealing time. The integrated 
intensity is a measure of Li atoms at one of 
four sublattices over all the crystal. Since 
degree of order in the matrix phase is at least 
decreasing function of time, the order 
parameter inside the precipitates should 
increase with time. 

Since integrated intensity of SANS 
remains constant, but that of superlattice 
reflection is increasing, the precipitates have 
lower order parameter than the 
stoichiometric 8' structure at the early stages. 

In as quenched sample, SANS is very 
low, reflecting very low density fluctuation, 
but order parameter over the entire system 
was already at significant level. These 

results may suggest that congruent or spinodal ordering may take place in the as quenched 
stage. Since the superlattice reflections show considerable broadening, there there is no long-
range order in the system; there should be many small ordered domains belongs to one of the 
four antiphase domains. 

Q 

Fig. 6. Comparison of profiles of superlattice 
reflections {100} and {110), and scaled 
SANS in the 2 h annealed sample at 
150C. 

CONCLUSIONS 

In conclusion, we observed superlattice peak even at the as quenched stage when SANS 
is still very low. The shape of ordered domain and that of precipitates were almost identical. 
At early stages, precipitates were not 
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Fig. 7. Dynamical scaling result of the 150 C Fig. 8. Time evolution of integrated intensity 
annealed sample. of the {100} peak annealed at 150 C. 
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stoichiometric 6', but the degree of order was lower than the stoichiometric concentration. 
We are grateful to Sumitomo Light Metals Ind. Ltd. for the preparation of specimens. 
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and by the U.S.-Japan Cooperative Neutron Scattering Program. 
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Phase Separation of Fe-base Ternary Ordering Alloys 

Toru Miyazaki 

Dept. of Materials Science and Engineering 
Nagoya Inat i tu te of Technology, Japan 

[ Introduction ] 

Recently, several experimental studies have revealed that the phase 
decomposition actually occurs in the ordering alloy systems such as Fe-Al, Fe-Si 
systems and so on. Therefore, such the experimental facts have urged us to 
change the conventional concept that the phase separation type alloy and the 
ordering type alloy have opposite characteristics. 

Experimental investigations on this phenomenon has been almost restricted to 
the binary systems. But we recently conducted the several ternary Fe base 
alloy systems and proposed phase diagram of these alloy systems. 

Furthermore, in order to understand the phase decomposition in such the 
ordering systems i t is important to evaluate the free energies of ordered phases 
such as B2 and DOj phases. For the binary systems, several theoretical pursuits 
have been conducted. However, the thoeretical investigation for the ternary 
systems have scarcely been performed so far as authors know except Prof.Inden's 
group of Max-Planck Institute. However, for the theoretical justification of 
experimental results the evaluation of phase diagram is important. 

In the present talk, first we show the experimental results of phase diagram 
of many systems and then we propose the evaluation method of the free energy of 
ordered phases and then calculate several phase diagrams on the basis of the 
method. 

[Experimental Results] 

Here, we sumoerize Fe-base ternery phase diagrams experimentally obtained; 
Fe-Si-Co, Fe-Si-Al, Fe-Al-Co, Fe-Si-V, Fe-Al-Ge and Fe-Al-V [see Fig.l] . 
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Fig.l. Six Fe-base ternary ordering phase diagran experimentally determined. 
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[Calculation of Phase Diagram based on B-W-G Approximation] 

Next I show the free energy of the ordered phases and calculat ion of phase 
diagrams. 

In order to desc r ibe the atomic conf igura t ions of B2 and D03 ordered 
s t ructures in the b . c . c . ternary alloy the unit ce l l of DO3 supe r l a t t i ce i s 
divided in to four f . c . c . s u b l a t t i c e I , I I , I I I and IV. The atoms in the 
sublat t ice I and I I are the nearest neighbours to the atoms in the I I I and IV 
s u b l a t t i c e s . The atoms in the I or I I I s u b l a t t i c e a re the second neares t 
neighbours to the atoms in the I I and IV respectively. To describe the various 
atomic configurations in the f i r s t and second coordination spheres we use 6 
independent parameters defined by an occupation probabil i t ies P, L of i-atom in 
the L-sublatt ice. The parameter XA and X „ indicate atomic configurations of A 
and B atoms between the nearest neighbour s i t e s i . e . between the sub la t t i ce 
( I+ I I ) and ( I I I + I V ) . S i m i l a r l y , Y A , Y B ,Z A and Z „ show the atomic 
configurations between the second nearest s i t e . From these parameters these 
phases (A2,B2, D03 and B32) are defined as follows:A2; a l l parameters are zero, 
B2; the 1st nearest neighbour is ordered, while the second is disoredred, DO3; 
the 1st and also 2nd are ordered, B32;the 1st nearest neighbour i s disordered, 
while the second is oredred. 

In thepresent ca l cu la t ion , we adopt ferro-magnetic excess f ree energy 
because of Fe base a l l o y s . The magnetic in te rac t ion energy are derived by 
considering the pairwise interactions. The spin s ta te is considered only "up and 
down" regardless of various values in the actual magnetic moment. 

Consequentely, the free energy of ABC ternary a l loy system i s given as 
follow; 

Fk= U°- N £ C i C j { 4 [ f i J

< 1 ' + « u , 1 ' ] + 3 W , J

( 2 ) } 
+ 4NZC 1 J l j

< 1 ) q i HN£C l -C . ] X,X J {4[W 1 J

! 1 ' -+M 1 / l i ] -3W i j '* '} 
+ (aN/ajzCiCjCu-XiMi-xjYj j+u+XiJu+Xjjz .Zj]* , / 2 ' 
+ kKT2CInCi+(kNT/2) I c . { ( l -X , ) InU-XiJ + d+X,) ln(l+X,)} 
+ (MTTMJZtt .U-XiJCa+YJlnU+Y.Ha-YiJlnU-Yi)] 
+ C,( l+X i )C(l+Z l ) ln( l+Z,)+(l -Z i ) ln( l -Z 1 ) ]} 
- MT2lBiC l {ln(8-6q,+2 l r4-3q i

2 )-( l+q i ) l i i(q i +-» r 4-3qi £ ) 
- ( l - q , ) l n [ 2 ( l - ^ , ) ] } 

where D°=N(4 2 C i V l j <"+3 2C s Vi j c 2 i ) 
M i j < 1 ' = - 2 J , J

< " q , q j + J i i ' 1 , q i

2 + J j J ' 1 ' q J

£ 

ij = AB.BCCA 
i = A.B.C 
• A = « B = " C = 1 if J A A < U = 0 
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Here, as an example, we show a calculated phase diagram for the Fe-Al-Co 
alloy in Fig.2. The theoretical phase diagram is fairly good consistent with 
the experimental one. although the details of coexistent region are different. 

Fig.3 shows the phase diagram of full composition area at 600 K. Three phase 
coexistent region is found. This phase diagram can not be judged to be proper 
or not, because of 600K is too low temperature for atom to diffuse. In this 
system G.Inden and R.Kikuchi calculated the diagram at 600 K by mean of CVM 
under the para-magnetic condition. The both diagrams are essentially consistent. 

Finaly, we would like to say that the phase separation in the so-called 
ordering alloy systems has possibilities to show a new properties such as soft 
magnetic property and so on. This phenomenon must be remarked. 

Calculated 

Fe-AI-Co 

Fig. 2 

Fig.3 
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HREM OBSERVATION OF ANTIPHASE BOUNDARIES EXTENDED BY SEGREGATION OF EXCESS 
Fe ATOMS IN A HYPOSTOICHIOMETRIC Fe 3Si ORDERING ALLOY 

Syo MATSUMURA, Shunjiro TAKEUCHI, and Kensuke OKI 

Department of Materials Science and Technology, Graduate School 
of Engineering Sciences, Kyushu University 39, 
Kasuga-shi, Fukuoka 816, Japan 

ABSTRACT: High resolution transmission electron microscopy (HREM) 
was employed to study antiphase boundaries (APBs) with %<100> 
translation of D03-type order in a nonstoichiometric Fe-14.6 atZSi 
alloy annealed at 873 K for various durations. We observed APBs 
set on egde, and recognized extended regions where lattice fringes 
are distorted or extinguished. The width of the regions observed 
increases up to about 2.5 nm with the annealing time, being 
independent of the specimen foil-thickness. It is concluded that 
APBs are wetted by partially disordered layers due to segregation 
of excess Fe atoms, as predicted by statistical thermodynamics of 
nonstoichiometric ordering alloys. 

•v 
1. Introduction 

If the alloy composition deviates from stoichiometry for an ordered structure, 
attainable degree of order should be inevitably degraded, and frustration 
arises in the system. A two-phase field of order and disorder often appears 
in a nonstoichiometric composition range in order to relieve the frustration 
[1]. When a homogenized alloy is quenched into the two-phase field, the phase 
separation will occur, in general following the ordering reaction throughout 
the alloy [2-4], since the frustration becomes significant after the develop
ment of order. Transmission electron microscope (TEM) observations of phase 
transformations in two-phase fields, such as (B2+D03) in Fe-Si [5], (A2(bcc 
disorder)+B2) and (A2+D03) in Fe-Al [1,2,6], revealed that excess atoms tend 
to segregate to antiphase boundaries (APBs) of ordered domains due to the 
preceding ordering reaction, forming a disordered or high-symmetry phase 
preferentially along the APBs. Some thermodynamical calculations [5,7-9] have 
predicted the segregation of excess atoms to APBs even in a single-phase field 
of order. Allen et al. [8,10,11] studied extensively coarsening kinetics of 
ordered domains in Fe-Al by TEM, and revealed that the growth rate is 
considerably damped in the vicinity of the miscibility gap. They ascribed the 
damping of growth rate to APBs dragging excess Fe atoms. 

The aim of this study is to confirm directly by high resolution electron 
microscopy (HREM) whether segregation of excess atoms to APBs occurs in a 
single phase field of order as predicted theoretically. Our sample is an Fe-
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973 

873 

14.6 atZSi alloy with DQ3-type order. 
Figure 1 gives an Fe-rich part of the 
equilibrium phase diagram of Fe-Si. The 
phase transition B2(Pm3m) -> D03(Fm3m) 
involves annihilation of translational 
symmetry of %<100>, yielding APBs with a 
shift vector of ^<100> in D0 3. The 
^<100>-type APBs have a tendency to face 
to <100> directions. This tendency 
flattens the APBs, and facilitates edge-
on view of them in HREM. 

2. Experimetal 

Alloy specimens of Fe-14.6 atZSi homog
enized at 1073 K in the B2 phase field 
for 72 ks were annealed at 873 K in the 
D0 3 field for various durations, fol
lowed by quenching into iced brine. 
Temperatures at which the specimens were 
heat-treated are marked in the phase 
diagram of Fig. 1. The annealed spec
imens were electropolished to electron 
transparency in a twin-jet polisher. Bright field multi-beam images were 
observed under [110] axial illumination at 200 kV, using a JEOL JEM-2000EX 
microscope with an objective-lens pole-piece UHP20 dedicated to HREM. The 
top-entry goniometer system was improved so as to permit specimen-tilting up 
to + 25° [12]. The point-to-point resolution is 0.23 nm when the improved 
goniometer system is used. 

773 
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Fig. 1: Fe-rich part of the phase 
diagram of Fe-Si, showing tempera-
tares for heat treatments in the 
experiment. 

3. Results 

Figure 2 shows a (110) HREM bright field image of Fe-14.6 atlSi annealed at 
873 K for 300 s. A regular arrangement of bright dots appears in the image. 
It is known that in an HREM image of a long range ordered alloy, minority atom 
columns along the projection direction are seen as bright or dark dots, if the 
superlattice reflections significantly contribute to the image formation 
[13,14]. The bright dots seen in Fig. 2 are therefore considered to corre
spond to Si atom columns. The arrangement of bright dots is coincident with 
(110) projection of an fee lattice, indicating that D03(Fm3m)-type ordering 
prevails in the alloy. An antiphase boundary (APB) lies in the center part of 
the image. If the micrograph is viewed on the slant, one can recognize that 
the {111} rows of bright dots shift by half of their spacing when crossing the 
APB. As the displacement of ^<111> is equivalent to that of ^<100> in D0 3, 
the APB seen in Fig. 2 is of ̂ <100>-type. The APB appears somewhat diffuse, 
the dot contrast being degraded over a few (001) atomic planes. 

Figure 3 demonstrates ^<100>-type APBs observed in specimens annealed for 
various durations. We notice that the dot contrast is distorted or extin
guished in the vicinity of the APBs, as indicated by arrows. The layer region 
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with disturbed contrast i s about 1 nm thick in (a), but i s extended up to 2 nn 
(b) or 2.5 nm thick (c) after prolonged annealing, as shown in Fig. 3. Figure 
4 i s a low-magnified micrograph imaging the area more broardly than Fig. 3(c) . 
The width of the layer region where the dot contrast disappears i s almost 
constant, being independent of foil-thickness of the specimen. The invaria
b i l i t y of apparent width of the region suggests that the contrast disturbing 

Fig. 2: HREM image of Fe-14.6 atZSi annealed at 873 K lor 300 s. 
Beam direction is [110). The bright dots correspond to Si columns 
in D03. A %<100>-type APB l ies in the center part of the image. 

Fig. 3: HREM images of regions near APBs in Fe-14.6 atlSi annealed at 873 K 
for 0.6 (a), 3.6 (b) and 178 (c) Its. 
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Fig. 4: lower-magnified image of Fe-14.6 atZSi annealed at 873 K for 173 ks. 
The thickness increases from the left to the right. Regions marked A and B 
are about 40 and 70 nm thick, respectively. 

is not due to APBs lying inclined but to disordering along APBs. Hence, the 
APBs are considered to be wetted by partially disordered layers. In a 
previous paper [5], the present authors predicted using coupled kinetic 
equations for ordering and composition modulation that the segregation of 
excess atoms to APBs proceeds continuously with tlae in a nonstoichiometric 
alloy, and a partially disordered layer wetting the APBs extends with time. 
Our HREM results demonstrated here are consistent with this prediction. It is 
therefore concluded that the ^<100>-type APBs in Fe-14.6 atZSi at 873 K absorb 
excess Fe-atoms, being wetted by partially disordered layers. 
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Kinetics of Disorder-Llo transition 
studied by Path Probability Method 

Tetsuo MOHRI 
Department of Metallurgical Enginr., 

Hokkaido University, Sapporo 060 JAPAN 
ABSTRACT 

Path Probability Method of statistical mechanics is applied 
to study disorder-Llo transition. The clear distinction between 
the nucleation-growth type ordering and the spinodal ordering is 
confirmed. 
1. Introduction 

Recently, the Cluster Variation Method(CVM)11] of the 
statistical mechanics has been extensively employed to study 
equlibrium properties of an alloy system. The CVM is even 
combined with the electronic structure calculation to perform the 
first-principles study of alloy thermodynamics.[2,3] 

To the contrary, Path Probabiity Method (PPM)[4] which is 
the natural extension of the CVM to time domain has not been 
fully applied yet. This is mostly because of mathematical 
complicacy due to the large number of variables describing 
transient probabilities from one local configuration to another. 
And, the PPM studies of fee system have been, so far, limited to 
the disordered phase with spin flip mechanism based on either 
tetrahedron approximation^] or tetrahedron-octahedron 
approximation[6]. 

An advantage of the PPM is the fact that the calculated 
result in the long time limit correctly converges to the 
equilibrium one independently obtained by the CVM. Hence, the 
systematic study of the kinetics and thermodynamics of the phase 
transition can be made by combining the PPM with the CVM which 
provides a reliable phase diagram. 

In fact, CVM correctly distinguishes two types of ordering 
reaction. One is the nucleation and growth (NG) type ordering 
and the other is spinodal ordering (SP)[7,8]. However, kinetic 
aspects of each transition has not been well studied yet although 
the characteristic feature is predicted and examined within a 
framework of the equilibrium thermodynamics. The main purpose of 
the present study is to extend the PPM formulation for the 
disordered phase to Ll 0 ordered phase in order to study kinetic 
aspects of both types of transition. The present brief notes 
reports only preliminary results. Detailed results and 
discussions will be provided in a separate issue. 

2. CVM and PPM 
A central quantity of the CVM is the grand potential, and 

the minimization of the grand potential with respect to the set 
of independent configuration variables yields the equilibrium 
state. Also the optimized set of the configuration variables 
provides the equilibrium local atomic configuration. 

Shown in Fig.l [5] is the disorder-Llo-Ll2 phase diagram 
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obtained based on the 
tetrahedron approximation 
of the CVM. The 
temperature axis is 
normalized by the nearest 
neighbour pair 
interaction energy. The 
dotted line is the 
splnodal ordering 
temperature which is 
mathematically defined as 
the vanishing of the 
determinant of the second 
order derivative matrix 
of the free energy 
functional. 

In the PPM, as the 
counterpart of the grand 
potential of the CVM, the »o5 Path Probability Function 
(PPF) is defined as a "•"" 
function of path 
varialbes which describe 
the transition g 00, 
probability from one I 
configuration to another. I o.os 
The PPF is, then, \ 
maximized with respect to J °°* 
the path variables to " 
obtain the most probable °" 
path of time evolution. 
r 0.02 

It is noted that the 
diffusivity of an alloy 0oi 
system corresponds to the * 
spin flip probability in 
the present study for a 
spin system. 

By employing the 
PPM, time evolution of 
the cluster probabilities 
during the aging process 
at temperature 2.5 
following a quenching 
operation from 
temperature 5.0 is 
studied. In Fig.2[5], 
the calculated results 
for the five kinds of 
tetrahedron clusters are 
demonstrated. Note that 
the time axis is 
normalized by the spin 
flip probability. One 
sees that the cluster 
whose concentration 
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critical amount of concentration fluctuation to drive the 
ordering reaction, which is the conventional concept of the 
nucleus for NG process. 

On the other hand, at temperature 1.6 which is below the 
spinodal ordering temperature, even small amount of fluctuation 
drives the transition as is shown in Fig.5. It is confirmed 
that the final convergent value of the concentration of both a 
and g sublattices are exactly the ones predicted by the CVM. 

Shown in Fig.6 is the time dependency of the critcal 
fluctuation at temperature 1.7. One can see that the amount of 
the critical fluctuation required is time dependent. This is 
because the energy barrier to overcome is expected to become 
larger when the system is not well relaxed to the metastabie 
disordered phase at this temperature. This kind of kinetic effect 
has not been considered by conventional thermodynamic treatments 
and is revealed by the present PPM calculation. 

4. Summary 
PPM calculation is extended to the disorder-Llo transition. 

The distinction between the NG and SP ordering process are made 
from the kinetic stand point of view. And a kinetic effect on the 
critcal fluctuatinr for NG is revealed. The extension to the 
other concentration, in particular, the two phase region is now 
under way. 
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Time-correlation function in ordering dynamics :Numerical simulation 

Hiroshi Furukawa, Faculty of Education, Yamaguchi University, 
Yamaguchi 753, Japan 

The phase-separation process is a typical example of ordering 
dynamics in many-body system. The correlation function is a useful 
tool for examining the average, behavior of the ordering pxicess. 
Previously I presented the general consideration on the time 
correlation function in ordering dynamics and some numerical results 
on nonhydrodynamic systems. Here in this meeting I presents 
numerical simulation in fluid mixture and then the results are 
compared with the solid case. 

First I briefly review scaling propertyies of two-time 
correlation function in ordering dynamics. Let <^(r,t) be the order 
parameter at space r and time t, and let ^ k(t) be its Fourier 
component, with k being the wave number. The two-time correlation 
function and its Fourier component are defined, respectively, as 

G(r; t, f ) = <tf(r, t)^(0, f )>, 

s k(t,f) = <* ka>*_ k<t'>> . ci) 

These quantities are scaled in the late stage of the phase separation 
as 

G(r;t,f) =gCr/R(t), t'/t) (25 
and 

S k(t,f) = [S k(t)S k(f)] 1 / 2v(kR(t),f/t) . (3) 

Sk(t,t) is the structure function and is scaled as 

TR(t)]d S(kR(t>) , (4) 

Here S k(t) 

s kct> 
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viscosity. We do not impose incompressibi1ity condition, because the 
chemical potential already containes the saturation term of the order 
parameter: 

M ( r , t ) = - | v2ifr - otf + gtf3 , (9) 

where K, a and g are positive constants. Using a meanfield-1ike 
approximation we obtain 

2 
| tV k(r,t) = Jk , d" 1dk ,u k(f> S, k_ k,|(t,t')e" w k' ( t _ t , ) d t ' . (10) 

Generally n and S change slowly in time compared with v, and 
therefore, fi(t') and S ( t , f ) can be replaced by n(t) and S(t) in (10). 
In three dimensions, by setting k=0 in the integrand, (10) is reduced 
to an equation almost equivalent to the solid case except for the 
growth law exponent (a=l). In two dimensions, or even in three 
dimensions in case of small v (this happens when the length scale R 
becomes large), the above approximation cannot be applied. Then we 
may neglect the exponetial term in the integrand. This is the case 
of the inertia-controlled droplet growth (a=2/3). 

The system is devided into 128X128, 256x256 or 512x512 cells to 
numerically integrate (8). We also investigate the approximate 
equation to examine the effect of the fluctuation of the inertia in 
two dimensions. That is, insted of the second equation of (8) we 
also used 

v = v - 1 R ( t ) 2 xj/vn , (11) 

which corresponds to the neglection of the inertial term and the 
velocity fluctuation. The length scale R in (11) is 
self-consistently determined by measuring the interfacial area 
between two phases. 

The numerical integration of the system (8) gives the growth law 
exponent a=2/3 in the late stage of the phase separation, but in the 
intermediate stage the temporal evolution of the phase separation 
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where d is the spatial dimension. The scaling law (2) or (3) is 
derived as followes. Let us shift two times by the same scale t -+ bt 
and t' -• bt'. We have a correlation function G(r;bt,bt') which is 
not equal to (2). The second shift of times: bt -» b" {bt) and bt' -* 
b (bt') gives the identical correlation function. In the scaling 
regime, however, one may expect that the identical correlation can be 
given without the second time shift, if the distance is properly 
shifted: r -» cr. Here c is a constant depending on b. We find that 
G(r,t,t') = GCcr,bt,bt'). By choosing bt=l we obtain the scaling law 
identical to (2). (3) is given by fourier-analyzing (2). It is also 
found that 

k 

and 

S^t.t') = f-p] R(t)dB(kRCt)) , (5) 

G(0; t, f ) = c* \j-\ , (6) 

for t */1<<1, where B and C are some function and a constant. Here 
the exponent A is given as 

A = (d/2 + 0)a + A , (7) 

where a=dlnR/dlnt is the growth law exponent. In (7) we have assumed 
23 that s. (t) <= k . The exponent A can not be obtained by a simple 

considerartion. This quantity can be numerically evalated for 
nonhydrodynamic system. 

Here we shall present the numerical evaluation of the exponent A 
for fluid mixture. We use the so-called H-model: 

|-f^(r,t) = M0v2fi(r,t) + v-(vtf) (8) 

TrV(r.t) = W v + ̂rvji 

where v and ix are the velocity field and local chemical potential, 
and Mfl and v are the nonhydrodynamic mobility and the kinetic 
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strongly depends on the initial condition. With the approximation 
(11) we find the growth law exponent a=l as expected. The exponent A 
in fluid case seems to be larger than that in solid. 
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On the Theory of Crossover Phenomenon from Growth 
to Coarsening in Phase-Separating Systems 

Miehio Tokuyama 

Statistical Physics Division, Tohwa Institute for Science, 
Tohwa University, Fukuoka 815, Japan 

A new systematic theory1 for phase-ordering dynamics of metastable systems 
is presented. Many experimental,2"1' numerical,7"9 and theoret ical, ' °" ' 3 

approaches have been applied to study the crossover phenomena from the 
intermediate stage to the coarsening stage, in contrast to the study of the 
final stage, M" 1 7 however, the dynamical aspects of the intermediate stage are 
not yet well understood theoretically, although it is important for real 
systems.2"6 In this paper, therefore, I discuss the main results of the new 
systematic theory for the dynamics of phase separation in quenched binary 
systems. Not only the kinetic equation for the single droplet distribution 
function but also the linear equation with a source term for the structure 
function are derived from a new unifying point of view. Three characteristic 
stages are shown to exist after the nucleation stage. Thus, the dynamical 
scaling behavior and the crossover are explored explicitly 

When the binary system is quenched into two phase regions near the 
coexistence curve from the one phase region, it undergoes phase separation by 
nucleation and growth of droplet of the minority phase. Depending on what 
process we are interested in, there are two theoretical aspects in understanding 
the dynamics of such a phase separation. The first is to study the causal motion 
of the droplet growth which is described by the single droplet size distribution 
function f(R,t) with radius R. This is experimentally observable by an electron 
microscope. Therefore, the main aim here is to derive a kinetic equation for 
f(R,t) from a microscopic point of view. The second is to explore the 
fluctuations around the causal motion. In most cases they are small as compared 
to the causal motion. However, they are important since they are experimentally 
observable through the structure function S t (t) by using small-angle scattering 
of neutron, x ray, or light. Hence the main theoretical interest is to find an 
equation of motion for Sk(t) from first principles. 

We consider a three dimensional system which consists of spherical droplets 
of the minority phase and a supersaturated solution of the majority phase. The 
concentration field of the supersaturated solution is described by the diffusion 
equation with the Gibbs-Thompson relationship as the boundary condition and the 
appropriate initial condition. We are concerned here only with the case where 
the surface energy provides the only driving force for the coarsening and ignore 
the other forces, such as elastic interactions. By solving the diffusion 
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equation and using the mass conservation for each droplet, one can then derive 
the rate equation for the radius of each droplet. This equation is also supple
mented by the conservation of mass for the entire system 

<D (t) + A (t) = O ( 0 ) + A{0) = 0, (1) 
where <f>(t) denotes the volume fraction of the droplets, A(t) the super-
saturation, and 0 the total initial supersaturation. We assume that Q is small 
so that <D<1 . 

As shown in I, the macroscopic equations discussed above can be derived 
from the rate equations. Figure 1 shows the flow chart how to derive such 
equations from the diffusion equation. The main results are as follows: Up to 
order <2>'xz, one can obtain the Fokker-PIanck type kinetic equation in the 
dimensionless form: 

/ r f ( a , r ) = < ^ / p ^ r l A ( r ) 

+ a o / ^ ) ' - ' - * - P<PX> +-r¥1p-inr-±>]ti*.T) <?> 
K, jtt - 1 OP P 

with the s c r e e n i n g term 

A (a , z ) = 1 - K ( t ) p , (3) 

r / r , 
/ c ( r ) = < a > ( r ) l I + 3 J j / ( r s x ) < A X r , x ) d x l , (4) 

0 

where z s =A (0)<a>(0) 3/<J) (0) is the screening time, u ( z ) the normalized number 
density, p=a/<a>, and # m ( r ) = <pm>. Here the dimensionless variables are 
given by r=aDt/R 0

:', a=R/R 0, where a is the capillary length, D the diffusion 
constant and Ro=a /A (0) the initial critical radius. The volume fraction is 
given by <t> ( r ) =A (0) v ( z )<a 3>( z ) I x , , where the brackets denote the average 
over f(R,r). Eq.(2) is a new kinetic equation which enables us to describe the 
dynamics of phase separation after the nucleation stage and does not contain any 
adjustable parameters. The second term of Eq.(4) represents the static many-body 
(screening) effect of order <& ° and becomes important on the time scale of order 
z s. The term with fl>lx2 in Eq.(2) is the dynamic many-body (correlation) effect 
and becomes important on the time scale of order : , / $ " ' . 

Eq.(2) leads to the growth laws 

f^<a3> = #.iK(r ) - 3< A >[1 - {3<t>/u3),y2/K\, 

(5) 
j^nu (z ) = - K(z )/<a>:) 

with the coarsening rate 

K(r ) = [<a>/i/ ]lim f(a, r ) / p 1 . (6) 
p-0 

As is seen from Eq.(5), there are two kinds of growth mechanisms. One is the 
direct growth from the supersaturated solution which is described by <A>. This 
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does not change the number density. Another is the growth due to the Ostwald 
ripening (or coarsening) which is described by K, where the larger droplets grow 
at the expense of the smaller droplets which disappear. This leads to the 
reduction of the number density but does not change the volume fraction. After 
the nucleation stage, therefore, there are three characteristic stages.' The 
first is a growth stage [G], where l { r < r t . The diffusive interactions among 
droplets are not important and hence the droplets grow directly and independent
ly from the supersaturated solution, where K=0 and <A>~ <a>. The number density 
of the droplets is not changed and the volume fraction of the droplets increases 
rapidly. The second is an intermediate stagefl], where r « < r < T « = 
[Q/A (0)K(°° ) (l 3 (°° ) » ( T S)J 3 T ,. The two kinds of growth mechanisms compete 
each other through the diffusive long-range interactions among droplets, where 
K~<A >~<a>"'. The growth is no longer independent and is suppressed by the 
interactions, leading to the slow increase of the volume fraction. The final 
stage is a coarsening stage [C) , where T > T C . The growth is governed only by 
the coarsening and the volume fraction becomes constant, where K=const. and 
<A>=0. 

Next we discuss the fluctuations. Up to order O l /" 2, one can find the 
linear Markov equation for the spherically averaged structure function Sk(z ) : 

h S t i z ) = < a y [ h<P'1' T> - r (p,q,T)]S k(r) + 2(||^)r(p,q,T) (7) 

with the i n s t a n t a n e o u s term 

h ( p , q ; r ) = - < p n 0

 3

{ p p ) ! ! > [ < P 3 A J 2 > 

+ O C D / ^ J ' ^ U v2-n<p*Jt> - * * * > < o ' i , > } i , (8) 

ic U - \ 

and the damping term 

+ (Jd>/flt)^H{K ^ 2 - l ) < p 4 J 4 > - „ i 2 > <P2l<»\, (9) 

K. fl - \ 

where p ( T )=k<R>(r ) , q ( r ) = k £ ( r ) , and 

J 2 ( p P,q) = <l> {pp)[co (pp) - <p co (p p ) > / ( q 2 + l ) ] , 
I z ( jOP,q) = (/> { p p) [cos ( p p) - <p to (p p ) > / ( q z + l ) l , 

(10) 
J i ( p p , q ) = J 2 ( ( O P , q ) - <l> (ppXp CO (p p)>q2/{q'i + \)2, 
I « ( p p , q ) = I 2 ( j O p , q ) - tfi (ppXp CO (p p ) > q 2 / ( q z + l ) 2 . 

Here <p ( 9 )=3(sin0 -9 cos0 ) / 9 3 is a structure factor of a single droplet, and 
and w (9 )=sin# 19 . The source term T is given by 

r (p.q.r ) = <p6<l>2>7 (P,q;r ) + (30/jBj) , / !B(p,q,t), (11) 
with 
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B ( p , q , r ) = - 3[ <p " 4> A ><p w > q 2 / ( q 2 + l) + 2<p" A J 2 > 

+ / i T * * 3<piaJ2/^> + 2 < p 2 r 2 » ] , (12) 

Equation (7) is a new Markov equation for the structure function S k ( z ) and 
describes the dynamics of fluctuations after stage [G] (See Ref.1 for a linear 
non-Markov equation for Sk (r ) which holds for all stages.). This has two types 
of source terms. The first term of Eq.(11) is related to the non-thermal fluctu
ations generated by the screening interactions among droplets and exists even in 
the limit Q->0. The second term is related to the non-thermal fluctuations 
generated by the spatial correlations among droplets and vanishes as Q-*0. 

From Eq.(2), the distribution function f (a,r) is shown to satisfy a 
scaling form 

f(a,r) = l» (r )/<a>{ T )]F(a/<a>, r ) (13) 
with the temporal power laws 

< a > ( T ) ~ r 7 ? R , v (z) ~ r~' ° , <D (r ) ~ TV * , (14) 
where v denotes the normalized number density. The values of the exponents are 
listed in Table I. From Eq.(7), the structure function S k ( r ) is shown to 
satisfy a new scaling law 

S „ U ) = kM'-oV-ink/kM,®) ~ T ^ilMk/kw.d)) (15) 
with the peak position of S k ( z ) as a function of k 

kM-'(r) ~ <a>/Ql" - r " \ (16) 
which is combined with Eq.(14) to obtain 

7} k = V »/d = V R ~ V *M. 5s = d!7 k + 7) •/d, (17) 
where d=3 here. The exponents 7) k and T] s are also listed in Table I. 

Table I. Values of time exponents. "' d=3 
Time exponent s a> 

Stage V * V k V « V » V * 
[G] 1/2 0 1/2 0 d/2 

[I] d 3 - d + l 
d z ( d + l ) 

d-1 
" d 7 

1 
d+1 

d - 1 
d 

1 [I] d 3 - d + l 
d z ( d + l ) 

d-1 
" d 7 

1 
d+1 

d - 1 
d d ( d + l ) 

[C] 1 1/3 1/3 1 0 

The scaling function V ( x . O ) depends on time only through the volume 
fraction O and has the asymptotic forms: 

f xs, for x( 
¥(x,d>) ~ i 

L x" 4, for x) 
x(l, 

(18) 
1, 

where 5=2 for stage [Gl and 5=4 for stages [ij and [C] . The x1-dependence of 
the structure function for small x is caused by the non-thermal fluctuations 
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generated by the static long-range interactions among droplets, while the x 2-
dependence is related to the thermal fluctuations already existing at the 
beginning. This agrees with that discussed by Yeung. 1 8" 2 0 The x" 1 tail for large 
x, known as Porod's law, results from the fact that the droplets have sharp 
interfaces. 

In summary, we have shown that the two crossovers are caused in the time 
exponents by the long-range interactions, leading to the three characteristic 
stages. Thus, the new types of dynamical scalings (4) and (6) have been shown to 
hold at each stage. Hence the time exponents have been obtained analytically. 
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A Lattice Animal Approach to the Early Stages of Ordering in Al-Li 

Colin G Windsor 

B521, Harwell Laboratory 
Oxon,OXnORA,UK 

Abstract: The lattice animal method is able to give a semi-analytic 
description of microstructural development in the first stages of ordering. 
The method is here extended to face-centred cubic structures with both 
first and second neighbours. This extension is able to account for the 
growth of the delta' phase in AlLi alloys, as well as the isomorphous 
gamma' phase in nickel-based superalloys. Complete results are given for 
clusters of up to 4 atoms. These show that a simple cubic lattice 
approximation is often valid enabling earlier results to be used in this 
case. 

1. Introduction 
In the first stages of growth of precipitate structures in alloys, the number of 

atoms in the clusters is quite low, and it is possible to describe each type of cluster 
individually. The growth and decay of any one cluster may be described analytically 
through the Becker-Doring equations[l]. Clusters grow by diffusion of single atoms to 
an atom on the surface of a cluster. Clusters decay by the excitation of the cluster into 
two or more fragments by the breaking of one or more bonds. The probability of each 
possible mode of decay may be evaluated for a given temperature providing that the 
interaction energies between all bonds are known. The method has been evaluated for 
simple cubic lattices with nearest neighbour interactions for clusters of up to 8 
atoms[2]. It has now been extended to simple cubic lattices with first, second, third and 
fourth neighbours, to face centred cubic lattices with first and second neighbours, and 
to body-centred cubic lattices with first and second neighbours. Since all these lattices 
may be described as lying on a simple cubic lattice with appropriate constraints on 
where atoms may lie, a single formalism is able to treat all these lattices. 

Figure 1 illustrates the application to face 
centred cubic lattices with first neighbour 
interaction Jt and second nearest neigbour Jt All 
atoms lie on a simple cubic lattice with lattice 
constant a. However only those sites on a face-
centred lattice can be occupied, as shown in the 
figure by the open circles. All minority phase 
clusters may be thought of a starting from a single 
atom at the (0,0,0) position, shown here by the 
closed circle. All other sites will be occupied by 
the majority phase atoms. Other atoms may join 
the cluster only at the sites where the interaction is 
non-zero. 

Figure 1. The first and second neighbour 
interactions in a face centred cubic lattice. 

A-/ j i ^. i *"" v -" ~1"~/ 
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There are just two distinct clusters of two atoms, as illustrated by the shaded atoms. 
The nearest neighbour cluster has atoms at (0,0,0) and (a,a,0) and energy 3v The second 
nearest neighbour cluster has atoms at (0,0,0) and (2a,0,0) and energy J2. For each of these 
clusters there are a series of equivalent clusters related by translation, rotation, or 
reflection. However in a lattice animal study all these may be accounted for by a 
multiplicity factor for each cluster. 

The equations for the growth and decay of clusters are similar to those of Binder 
and Stauffer[3] for their approximate solution of the aggregation problem. The system 
is described by the fractional probabilities ft of finding a cluster of type i on any one 
site in the lattice. If the number of atoms in the i th cluster type is ^ then the cluster 
probabilities can be normalised to the bulk concentration c . In the Becker-Doring 
model, growth is assumed to occur through the diffusion of single atoms, whose 
population is defined by fv If the diffusion constant is 25, then single atoms will be 
"raining down" onto the peripheral sites of all clusters with the rate 1/813 fa the factor 
1/8 occuring because of the 8 possible nearest neighbour sites in the face-centred cubic 
lattice. Clusters of type i with n atoms become clusters of type twith n+i atoms with a 
rate proportional to both the cluster and single atom fractions, and to the multiplicity 
of the particular growth m .̂ with a rate ?,-,£= 1/8 £>fa fimi,k: The thermal excitations of 
each cluster are recorded by considering each peripheral atom in turn, and examining 
the result of moving this atom to an adjacent unoccupied site. Excitations usually 
increase the total energy, but may produce a cluster with the same or even a lower, 
total energy. Generally the i th cluster will have n^ decay modes labelled by / Each 
mode will in general produce m^- fragment clusters of type j . The probability of 
thermal excitation of each mode will be determined by the total energy change, which 
in the present case, is a function only of the total number of nearest and next nearest 
neighbour bonds. If the total energy of the original i th cluster was %„ and the total 
energy of all the fragment clusters in the decay mode / is £y, then the rate of decay of 
this mode will be proportional to qj = ft mus e*p( • fey • 'Efj/fcT) • The differential 
equations for the growth and decay of the clusters are 

dfi/dt = •Spf.-Sqf dfk/dt = +Spt 

dfj/dt = + Sqftrifj d^/dt = -5p£. (1) 

The computation precedes from the isolated atom cluster up to some maximum 
cluster size, nmwc = 4 in the work being reported. For a given cluster type, all the empty 
peripheral sites are selected in turn, and the potential new cluster formed when a new 
atom is inserted there considered. It may form a new cluster, an equivalent cluster to 
itself, or one of those already included in the list of distinct clusters. This decision was 
performed automatically by comparing the following cluster properties, all of which 
are invariant under transformations of the clusters: 
i) the dimensionality, linear, planar or volumetric. 
ii) both sets of coordination numbers, o^ where tgoes from 0 to 12 for the first 

nearest neighbours and from 0 to 6 for the second nearest neighbours, 
iii) the pair correlations ciTot each cluster tup to some maximum distance rmaK. 
iv) the cluster radius of gyration squared. 
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DE2: 8 DE4: 2 2 x( 58 ) 
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DE2: -2 DE4= 1 2 x( 68 ) 
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DE2: -1 DE4: 1 2 x( 71 ) 
x 4: 1 x( 9) - 1 x( 72 ) 

»E2= -1 DE4= 1 2 x( 73 ) 
4 x( 74 ) 

Figure 2. The decay and growth modes of a particular 3 atom cluster c(ll). At the top of 
the figure are the dimensionality, squared radius, correlations and coordination 
numbers for first and second neighbours which together are used to define and classify 
particular clusters. The column on the left shows the distinct decay modes, their 
multiplicity, their product clusters, and the energy changes in terms of the first and 
second neighbour interactions. To the right is shown the growth modes, and their 
multiplicity. The cluster numbers of the growth modes correspond to 4-atom clusters. 
There are some 65 of these. Some are illustrated in figure 3. 

From this process a dataset is created giving all the modes of growth and decay of 
clusters up to some maximum size. Figure 2 shows such data for the particular 3-atom 
cluster c(ll) , which happens to play an inportant role in the AlLi simulations. 

A particular set of exchange constants and a temperature may then be defined, 
and the differential equations for all the cluster fractions evaluated as a function of 
time for a given set of starting conditions. These fractions are then stored at 
appropriate intervals, and distributions such as the cluster size, radius of gyration, 
coordinations and correlations evaluated from the functions already stored for each 
cluster. Time can be defined as in Monte Carlo calculations in terms of the mean time 
between atomic exchanges t 0 = -D/8. The nmai^4 equations are straightforward to 
integrate numerically, with 75 distinct cluster types. Figure 3 shows for the low volume 
fraction limit, how the solute atoms in the alloy are distributed among the 75 distinct 
clusters, as a function of time at several temperatures. The interaction constants have 
been assumed to have the values ;u=-70SCand y2=35iJ3Cwhich were deduced from Monte 
Carlo fits to the experimental phse diagram. At a low temperature, (g:=50% small 2-
atom clusters are formed by the diffusion limited aggregation process. However the 
repulsive nearest neighbour exchange means that clusters involving these bonds have 
only a short lifetime, and indeed hardly appear in these plots except for the brief 
appearance of cluster c(2) - the nearest neighbour pair. The single atom population 
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decreases as single atoms aggregate to produce successively larger clusters. By a time 
of around I6t0 the single atom population becomes stable. The distribution changes as 
clusters are thermally excited with a probability proportional to atpi-bsz/fft) according to 
the energy change A-E. Clusters such as the pairs and triangles with a high proportion 
of atoms with single attractive bonds decay preferentially to form an equilibrium flux 
of mobile single atoms which is in turn absorbed by the other clusters. Clusters with 
several double attractive bonds are preferentially stable. The next nearest neighbour 
square is the most stable of all, and at low temperatures will eventually grow to 
dominate the distribution. 

emulative 
lattice 
fraction 

Logan thaie tine 

Figure 3. The cumulative distribution of the 11 distinct clusters of up to 4 atoms as a function of * me 
and temperature. The distributions are normalised so that the spacing between each line ms.ks the 
occupation probability of the cluster type illustrated. The interaction constants are assumed to have the 
values jn=-70JCand 32=350%. Time is shown on a logarithmic scale in units of the Monte Carlo exchange 
time i0. At this temperature lff=100Xthe initial aggregation forms with probabilites not far from those of 
diffusion aggregation. Later times the clusters aggregate so that the "square" cluster becomes dominant. 

The author is grateful to the Corporate Research Programme of AEA Technology for 
permission to perform this work. 
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Computer simulation on the early stage of phase decomposition 
in a Ll 2 type binary alloy 

Hiroshi Okuda and Kozo Osamura 
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ABSTRACT 
Initial stage of phase decomposition in Ll 2 type binary alloy at 

low temperature has been investigated using kinetic Ising model with 
binding energy of -J1=J2=1.0. From thermodynamical point of view, the 
kinetics of phase decomposition at low temperature in this type of 
alloy is interesting, because there are two kinds of structure change, 
i.e. clustering and ordering. According Khachaturyan 1 l ', the sequence 
of phase decomposition in Al-Li binary alloys at low temperature is 
divided into two stages, that is, congruent ordering and secondary 
spinodal decomposition. Experimentally, such process has been 
investigated by high resolution TEM study by Sato et.al' '* or X-ray 
or neutron measurements of the small angle scattering intensity 
and/or the super spot intensity by Blaschko et. al' ', Chen et al* ', 
Osamura et al. ' and so on. By using computer simulation, one can 
obtain the structural informations in k-space which corresponds to the 
results of scattering experiments, and also check them directly in 
terms of the atomic arrangement in the model system. 

Computer simulation of phase decomposition and reversion process 
has been performed using kinetic Ising model on fee lattice with 
interactions up to second nearest neighbor. Our main concern is the 
relationship between the kinetics of clustering and that of ordering 
in the initial stage of phase decomposition and also in the initial 
stage of reversion. Using kinetic Ising model on a fee lattice, 
clustering behavior was investigated by S(k,t) for small k, and also 
by cluster distribution on coarse grained lattice. Ordering was 
monitored by SRO and also by the structure function around the (100) 
superlattice spot. The binding energy for the nearest neighbor, J-,, 
and for the second nearest neighbor, J 2, were fixed as -1 and I, 
respectively. Isothermal aging process was executed at kT = 0.6, 1.0, 
2.0. 

Figure 1 shows the change of the atomic configuration (snap 
shots) during aging at T='.0 as seen from a (111) cross section. The 
circles in the figure denotes the position of solute atoms, and four 
symbols corresponds four sublattices in the lattice. Since the aging 
temperature is low and the composition is relatively high, it is seen 
that small ordered regions on different sublattices exist closely each 
other in the early stage of aging. In the early stage of phase 
decomposition, as seen in Fig.1(a), solute atoms began to coagulate 
one- or two- dimensionally, with their inter-particle distance being 
less than the size (length) of their own size. As the aging proceeds, 
each precipitates grows and separates each other. In the later stage, 
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only large precipitates with three dimensional structure was observed. 
In order to discuss the change more quantatively, Warren-Cowley short 
range order parameter was calculated. Change of Warren-Cowley SRO 
calculated for T=1.0 and T=2.0 are shown in Fig.2 as 'average SRO'. 
For the aging at T=2.0, it is seen that the increase of the second 
nearest site has four stages. It increases rapidly in the first stage 
before ten Monte Carlo Steps (MCS), and then slow down at a=0.2 and 
then increase again at t=400MCS, and then slow down at t=3000MCS. In 
the first stage, rapid change for first and second nearest neighbour 
is observed, whereas the change of those for longer range is small and 
slow. This period corresond to the short range ordering. In the second 
stage, the change of SRO is slow, and the value for the second nearest 
neighbour is about 0.22. For the later stages, SRO parameters 
concerning clustering increases rapidly, but the change in the first 
nearest neighbour is relatively small. It suggests that the clustering 
with antiphase boundary or contact of clusters on different 
sublatticos almost diappeared at this time. 

Since the SRO discussed above includes many type and size of 
clusters, including single atoms, information is on the average 
structure. In order to inquire into the structure 'inside' the 
precipitates, we defind 'cluster' which is valid for both ordered and 
disordered ones. As shown in Fig.3, we defined simple cubic lattice 
whose lattice point represents the four sites of the fee lattice. The 
value of each simple cubic lattice site is the sum of the number of 
solute atoms in corresponding four fee sites. Then the cluster is 
defined by the nearest neighbour bonding of simple cubic lattice whose 
value is more than 0. 

Change of the cluster composition and the second nearest 
neighbour calculated for T=2.0 is shown in Fig.s 4 and 5. It is seen 
that compostion for smallest cluster is almost constant (almost 
stoichiometry) throughout the aging process. For clusters whose size 
are between 6 and 15, the composition decreased in the first stage, 
and then remained almost constant. As the cluster size become larger, 
the Initial composition became lower and then it increased gradually 
during aging. The increase in the composition for late stage (later 
than 1000 MCS) should be due to coarsening. in order to compare the 
structure change of this system with the experimental results such as 
those obtained for SAXS experiments(5), structure function, S(k,t) for 
small angle region and order spot was calculated. Change of the peak 
intensity for small angle region and order spot for T=2.0 is shown in 
Fig.6 as a function of time. The peak intensity for small angle 
region is almost constant in the early stage, whereas that for 100 
spot increases. The time exponent for SAXS peak increased after 40 or 
50 MCS, whose value is 0.63 for later stage. The two symbols for the 
peak intensity of order spot denotes the peak height at 100 and the 
peak height for secondary peak as seen in Fig.7. The gradient for the 
secondary peak almost agreed with that for SAXS for the later stage. 
The peak intensity for 100 position continues to increase more 
rapidly, suggesting that the correlation effect between ordered 
precipitates becomes important for the time later than 10-20 MCS. 
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OSTWALD RIPENING IN OPEN SYSTEMS 
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ABSTRACT 
By applying dynamical scaling assumptions to the Ostwald ripening 

in open systems, we find that, when the total volume of droplets in an 
open system decreases through the diffusion of the solute, the scaled size 
distribution function of droplets becomes wider than the one obtained for 
a closed system. 

1. In t roduc t ion 
A phase separation in a non-uniform system shows various new features, which are 

different from those in an uniform system. For example, the spatial pattern of precip
itates are known to originate from the spatial inhomogeneity in two main processes, 
i.e., the nucleation process of droplets of precipitates and the coarsening process of 
these droplets 1. Here, we mainly study the coarsening processes in open systems to 
understand the pattern formation in these non-uniform systems. 

2. Basic Formulae 
To understand the Ostwald ripening in the presence of spatial inhomogeneity, we 

consider the situation where the space is separated into two regions, i.e., the cell a where 
many larger droplets exist and the cell 6 where only smaller droplets are found. These 
cells (subsystems), each of which is labeled by the suffix i (i = o, 6), are coupled with 
each other by the diffusion of the solute. The size distribution function in cell i, fi(r,t), 
obeys the continuity equat ion 2 - 8 as 

^/*('.0 + ^h(',«)/i('.«)] = o. 

From the Gibbs-Thomson condition, the growth rate of droplets in cell i, Vi(r, t), is 
given by Vi(r,t) = (l/r)[<ri(t) — 1/r], where <7-,-(<) is the supersaturation of the solution 
in cell i. The total volume of droplets per unit volume in cell i, itf(t), is written 
as Ui(t) = (4ir /3) / 0 drr3fi(r}t). Since the mass transport takes place due to the 
difference in the supersaturation between the two cells, the time evolution of the total 
amount of both the solute and the droplets, qi(t) = <rj(t) + «,-(<), is given by 5 , 6 

jtqi(t) = D[v}{t) - <r,(t)], 

where j yt i and D is the coupling constant between the two cells. Therefore, the mass 
conservation is satisfied in the whole system. 
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3 . D y n a m i c a l Scal ing A s s u m p t i o n s 
We assume tha t , in the limit i —» oo, physical quanti t ies characterizing the system 

obey dynamical scaling laws. First , we find that the supersaturat ion in each cell, <r,'(t), 
obeys the LSW scaling law for a closed system, i.e., <r,-(f) ~ t - 1 / a , because the difference 
in the supersaturat ion between the two cells becomes asymptotically negligible, and, 
therefore, the whole system behaves asymptotically as a closed system. On the other 
hand, the total volume of droplets, iij(t), in the open system changes due to the diffusion 
of the solute. Assuming that this quanti ty uj( t) behaves as «j( t ) ~ t _ B i with a non-
negative parameter Z; for cell t, we find tha t the size distribution function of droplets 
obeys a new scaling l aw 6 ft(r,t) ~ « - ( 4 / 8 + " < ) f » « ( r f - i / * ) , where F'(z) is the scaling 
function which is a function of both the scaled size z and a parameter z. Figure 1 
shows F"(z) as a function of the scaled size z. We note tha t , for vanishig z, i.e., when 
the total volume of droplets Ui(t) approaches a finite value like the one in the closed 
system, F"(z) coincides with the LSW scaling function FI,sv,(z). On the other hand, 
as x increases, i.e., as the total volume of droplets a,(<) decreases more rapidly through 
the diffusion of the solute, the peak position of the scaling function Fx(z) shifts to the 
smaller z side and the functional form of F"{z) becomes more symmetric. We also find 
that the evolution of u,-(t) is highly dependent on the initial conditions. When there 
are many large droplets in a cell as compared to the other cell a t the initial t ime to, 
the total volume of droplets Uj(t) approaches a finite value in the limit t —» oo. On 
the other hand, when there are only few large droplets in the cell as compared to the 
other cell at the initial t ime to, the total amount of both the solute and the droplets, 
qi(t), flows out into the other cell, and the to ta l volume of droplets U{{t) vanishes as 
u , ( t ) ~ t~Xi with the positive asj in the limit t —> oo. 

4. N u m e r i c a l s imula t ions 
To examine the validity of our assumptions, we perform numerical simulations by 

solving basic formulae given above. Here, we choose the initial condition such tha t the 
parameters a:,- are expected to be xa = 0 and zj, = 1/3. Figures 2(a) and 2(b) show 
the evolution of the normalized size distribution function, Gi{z,t), in cell a and cell 6, 
respectively. We find tha t Ga{z,i) approaches the LSW scaling function F L S W

t while 
Gt(z,t) approaches the scaling function F'[z) with x = 1/3. We also find that the 
supersaturat ion, <Tj(f), in each cell obeys the LSW scaling Iaw a . 

5 . C o n c l u s i o n 
We studied the Ostwald ripening in open systems where two homogeneous cells are 

coupled with each other by the diffusion of the solute. We found that the supersaturat ion 
in each cell asymptotically obeys the LSW scaling law. On the other hand, the size 
distribution function of droplets becomes wider than the LSW scaling function, when 
the total volume of droplets in the cell flows out into another cell through the diffusion 
of the solute. 
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FIG.l The LSW scaling function f , L S W ( « ) , denoted by the solid line, and 
the scaling functions F"(z) in open subsystems, denoted by dotted lines, are 
shown as functions of the scaled size z, where the values of the parameter as 
in Fx(z) are x = 2,4,6,8 and 10, from the larger z side to the smaller z side. 
As x increases, the peak position of F"(z) shifts to the smaller z side and the 
functional form of F*(z) becomes more symmetric (Prom Ref.6). 
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PIG.2(a) The evolution of the normalized size distribution function of dioplets 
in cell a, Ga(z,t), is shown as a function of the scaled size z. Bioken lines 
denote Ga(z,t), where the time is, from right to left, log 1 0t = 5.0,6.0,7.0 and 
8.0, respectively. The solid line denotes the LSW scaling function FLSVr(z). 
The dotted line denotes the scaling function F'(z) with x = 1/3. Note that 
Ga(z,t) approaches F I , s w ( z ) foi laige t (From Ref.6). 
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FIG.2(b) Same as FIG.2(a) but foi cell b, with dash-dotted lines denoting 
Gbiztt). Note that Gb(z,t) approaches F'(z) with x = 1/3 for large i (From 
Ref.6). 
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